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INTRODUCTION 
INTRODUCTION 
Stone monuments and works of art suffer from stone decay caused by enviromnental 
factors. This can result in a decrease in the mineral cohesion and increase in the 
porosity of the stone. A variety of organic and inorganic products have been used to 
strengthen and/or protect weathered stone, however many of these treatments have 
shown negative effects on the monument and the enviromnent. 
The purpose of this work is to produce a technique to consolidate weathered 
calcareous stone by taking a biomimetic approach to reintroducing calcium carbonate 
into the stone to produce a reinforcing effect. In nature, organisms may produce 
biominerals to serve various functions, with extraordinary control over the shape and 
polymorph of the mineral. There are many examples where the materials formed have 
superior mechanical properties when compared to their inorganic counterparts. It is 
for these reasons that taking a biomediated approach to introducing calcium carbonate 
back into weathered stone could be advantageous. 
In the design of the procedure a number of factors should be taken into account. The 
consolidation technique should strengthen the stone and restore it as far as possible to 
the original state of the stone. It should also be as sympathetic as possible to the 
original stone. As far as possible, it should not cause any changes to the visible 
appearance of the monument/work of art. It should also not accelerate any further 
weathering. Ideally, the treatment should allow additional/different treatment at a later 
date as required without any adverse effects. 
As part of the development of the consolidation method, the growth of calcium 
carbonate on marble using two methods of producing supersaturated calcium 
carbonate solutions, for a source of calcium and carbonate ions, have been studied. 
Crystal growth has been controlled by the presence of both natural and synthetic 
macromolecules. The effect of the macromolecules on the surface properties of the 
stone with respect to hydrophilicity and weathering has also been investigated. 
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The treatment has been assessed both in laboratory and on monumental test sites on 
marble and other calcareous stone. The depth to which the treatment is effective has 
also been determined both mathematically and experimentally. 
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Chapter 1: CRYSTALLIZATION 
The chemical control of crystallization and precipitation of inorganic materials is of 
fundamental importance to biomineralization, and hence to this work. The nucleation 
and crystal growth relevant to the formation of inorganic solids from aqueous 
solution, along with the theoretical mechanisms, wiIl be examined here. 
1.1 Solubility, supersaturation and precipitation 
The solubility of a substance in a solvent is defined as the number of moles of the 
pure solid in one litre of a saturated solution at a certain temperature. t The solubility 
is also affected by particle size, with finer particles having an enhanced solubility. 
However a substance may exceed its solubility in solution and the solid not precipitate 
out unless the supersaturation exceeds certain limits. A solubility-supersolubility 
graph may be constructed for a given substance of specific particle size. The solubility 
curve (shown in red in figure 1) separates the unsaturated solution, where it is not 
possible to produce crystals, and a region where the solution is supersaturated. This 
region, where it is improbable that crystallization wiIl occur, is termed 'metastable'. If 
the supersaturation exceeds certain concentration and temperature limits, the 
boundary of which is defined by the supersolubility curve (blue curve in figure 1), 
spontaneous nucleation is more likely to occur. This third region is referred to as the . 
'labile' regiorL Z 
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UnderslbJratlon 
e 
J M.tastable region 
Labll. region 
Concentration 
Figure l:-ExampJe of a soJubility-supersoJubility graph. 
1.2 Nucleation 
Nucleation is commonly divided into primary and secondary nucleation, with the 
fonner further split into homogeneous and heterogeneous nucleation. Primary 
nucleation is defined as nucleation in systems where crystalline matter is not present. 
Secondary nucleation is the tenn used to describe nucleation induced by crystals of 
the solute already present, or deliberately added, to the solution! Homogeneous· 
nucleation is where stable nuclei are fonned spontaneously in the supersaturated 
solution. The presence of foreign particles in solution inducing nucleation is known as 
heterogeneous nucleation. 
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.. 1.3 Primary nucleation 
1.3.1 Homogeneous nucleation 
1.3.1.1 Classical theories 
For stable nuclei to be produced during homogeneous nucleation of a supersaturated 
solution the nuclei must reach a certain minimum size, knoWn as the critical size. 
Nuclei that do not reach the critical size simply redissolve in solution. This may be 
described thermodynamically in terms offree energy 
(1) 
Where ~CiN is the overall change in free energy, L\GI is the interfacial free energy and 
~Gv is the volume excess free energy. Both L\G:t and ~Gv are functions of size of the 
nucleus, r, as shown in the following two equations. 
(2) 
(3) 
Where y is the specific interfacial free energy and ~GT is the free energy per mole 
associated with the liquid-solid transformation. ~G:t varies as fl and is positive 
whereas ~Gv is proportional to ~ and is negative. Therefore ~CiN passes through a 
maximum at a size r"', which corresponds to the size of the critical nucleus.4 Nuclei 
smaller than r'" will redissolve. Particles larger than r'" continue to grow. The size of 
the critical nucleus, r*, is described by equation 4 
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(4) 
The amount of energy necessary to fonn the critical nucleus may be provided by 
fluctuations in energy about· a mean value in a supersaturated solution at constant 
temperature and pressure. In the. regions of the solution where the energy is 
temporarily high, nucleation is likely to take place. The rate of homogeneous 
nucleation, IN, may be expressed in the following fonn 
(5) 
Where A is a pre-exponential factor, k is the Boltzmann constant and T is· the . 
temperature.35 
1.3.1.2 Empirical theory 
In contrast to the theories stemming from thennodynamics in the classical approach, 
the empirical theory utilises the induction period to represent the time required to 
produce a critical nucleus in a given system. This depends on the degree of 
supersaturation, and is described by the following equation 
t, =kc1- p (6) 
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Where t/ is the induction time, k is a constant, c is the initial concentration, and p is 
the number of molecules in a critical nucleus. This theory indicates a critical nucleus 
. size which issmaller than that detennined by the classical theories.' 
The difficulty with homogeneous nucleation is that in experimental work, even under 
the most careful conditions, it is difficult to ascertain whether the crystals are fonned 
by this mechanism. True homogeneous nucleation is rare. 
1.3.2 Heterogeneous nucleation 
Most nucleation is heterogeneous and initiated by the presence of foreign material, for 
example the presence of a speck of dust could start heterogeneous nucleation in a 
supersaturated solution. Due to the variety of substrates that allow the formation of 
nuclei and the different systems, it is more difficult to give a general description of ' 
this form of primary nucleation. 
1.4 Secondary nucleation 
Secondary nucleation differs from primary heterogeneous nucleation in that the 
surface present in solution is the same as the crystallizing material. Secondary" 
nucleation generally occurs at much lower supersaturations than primary nucleation.' 
The introduction of a seed crystal in a metastable solution, causes immediate, crystal 
, 
growth. 
1.5 Crystal Growth 
Once stable nuclei have been fonned then crystal growth will begin.' The theories used 
to describe crystal growth may be divided into surface energy theories, diffusion 
theories and adsorption layer theories. The fonner are based on the presumption that 
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the crystal will grow assuming a shape, which has a minimum surface energy. This 
type of theory is not commonly used. The diffusion theories are more popular. These 
are based on the hypothesis that the rate of material deposited on a crystal face is 
proportional to the difference in concentration between the bulk of the solution and 
that at the area the matter is deposited on the crystal! Adsorption layer theories are 
based on the hypothesis that crystals grow layer by layer by adsorption onto the 
crystal surfaces. 
1.5.1 Diffusion theories 
This type of theory for crystal growth basically has two steps! The first of these is 
transport of the solute molecules to the solid surface (diffusion). A first order 
'reaction' then takes place where the molecules are incorporated into the crystal 
lattice. These processes have been described by equations 7 and 8 respectively. 
(7) 
:=krA(C,-c') (8) 
Where t is the time, m is the mass of solid deposited, A is the crystal surface area, kd is 
a diffusion coefficient, kr is the rate constant for the integration of the molecules into 
the crystal lattice, C and Cj are the solute concentrations in the bulk solution and at the 
crystal-solution interface respectively, and c* is the equilibrium saturation 
concentration. It is, however, easier to consider an overall concentration driving force, 
and from this a general equation for crystallization was formed (equation 9). 
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dm=KaA(c-c', 
dt 
Where Ko is the crystal growth coefficient and x is the order of crystal growth. 
(9) 
For convenience, crystal growth rates have been described in terms of diffusion. The 
order of crystal growth, x, is applied to the concentration difference is unable to 
indicate the quantity of elementary species involved in crystal growth.3 However, in . 
general x=1 applies to either very high supersaturations, mass transport and diffusion· 
limited growth, or crystal growth layer by layer taking place at a moderate 
supersaturation. Increasing the value of x to 2, may apply to the screw dislocation type 
of growth at low supersaturations, whereas for further increases where x>2, the type 
of polynuc1eation at high supersaturations described by the birth and spread model 
takes place.' 
1.5~2 Adsorption layer theories 
1.5.2.1 Adsorption layer mechanism 
The adsorption layer theory was first proposed by Volmer in 1939 and has since been 
modified by other authors. The mechanism may be described in the following way 
1. Transport of crystallizing material to the surface of the growing crystal 
2. Adsorption onto the surface 
3. Surface diffusion 
4. Incorporation into the crystal at positions where attractive forces are the 
greatest 
5. Completion of the plane face of the crystal 
6. Creation of a centre of crystallization on the new crystal face . 
Following adsorption of atoms, ions or molecules onto the surface of the growing 
crystal a dynamic equilibrium is set up between the adsorbed layer and the solution. 
-9-
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On the crystal face Kossel described the non-equivalence of sites. The face of the 
crystal was envisaged as being composed of moving layers of monatomic height, 
usuaUy referred to as steps. Along the. steps there may be areas where only 3 faces are . 
in contact With the surface, more commonly known as kinks. There wiU also be 
vacancies in the surface and steps. The adsorbed atoms, ions or molecules, which are 
not desorbed diffuse across the surface to the steps and kinks. Kinks are active sites 
with the highest binding energy, hence incorporation into the crystal is most likely to 
take place at these sites. The more kinks that are present, the faster the growth of the 
I .. 
crystal. However it is highly improbable that there would continue to be a large 
number of kinks present as it has been observed that the surfaces of imperfect crystals 
heal quickly hi seeded crystal growth during the initial stages.' FoUowing step 7, we 
return to step I and the cycle continues. 
The main problem with this model is that continuing crystal growth is dependant on 
the surface nucleation foUowing the completion of a layer on the crystal face. The 
supersaturation required to induce surface nucleation is far higher than 
supersaturations in which crystals have been observed to grow. 
adsorbed from 
Kink 
Step 
~--------------~ 
Figure 2: Adsorptiou layer mechanism 
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1.5.2.2 Dislocation models 
Most growing crystals contain dislocations of lattice planes, causing the fonnation of 
iedges on the crystal face, which consequently promote further growth. Screw 
dislocations are particularly important, as they are self-perpetuating hence there is no 
. requirement for surface nucleatiorL 4 This then explains why crystals have the ability to 
grow at lower levels of supersaturation. For screw dislocations, ledges fonn around a 
fixed point hence a spiral is fonned which grows up from the surface of the crystal 
face as growth continues. Several screw dislocations may also grow together fonning 
more complex spirals, however the behaviour is virtually identical whether the face 
contains one or more dislocations. 
The Burton-Cabrera-Frank (BCF) kinetic theory of growth is able to calculate the 
. growth rate at any supersaturation for the screw dislocation mechanism. The equation 
was derived for growth in vapour, although it should also apply to crystal growth in 
solution. By making the assumption that surface diffusion is a necessary step and 
using Boltzmann statistics in the prediction of kink populations the following 
relationship was fonnulated. 
(10) 
Where R is the growth rate, (J is the relative supersaturation, A and B are temperature 
dependant constants which also include parameters which depend on the spacings of 
steps. At low supersaturation values, the growth rate is proportional to (J2; At high . 
supersaturations the rate is proportional to (J. 
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. Figure 3: Screw dislocation mechanism 
1.5.2.3 Birth and spread models 
. Surfaces exhibit the birth and spread mechanismof crystal growth at much higher 
supersaturations. In this case the crystal grows as a result of multiple surface 
nucleation. These then spread across the surface. During this time, additional surface 
nucleation can occur on these areas increasing the number of active sites available on 
the surface. 
Figure 4: Birth and spread mechanism 
- 12-
BACKGROUND AND THEORY Chapter 1: CRYSTALLIZATION 
1.6 Ageing of crystals 
1.6.2 Ostwald ripening 
Ripening is an important concept in crystallization. When particles of a solid are 
present in solution saturated with respect to that solid, the smaller particles tend to 
dissolve and the larger particles increase in size. Ostwald ripening is a consequence of 
the thermodynamic instability of small particles due to a proportionately higher 
contribution from surface free energy. The concentration (Cr) of solution in 
equilibrium with particles of radius r is given by the Kelvin equation.8 
RTln Cr 2 Vm GS 
Co . r 
(11) 
Where G. is the surface energy and V m is the molar volume. 2 
1.7 Calcium carbonate crystallization 
1.7.1 Production of supersaturated calcium carbonate 
solutions 
1.7.1.1 Calcium bicarbonate method 
There are essentially four main inorganic methods which are used to produce 
supersaturated calcium carbonate solutions. The first is as a result of the loss of 
carbon dioxide from a saturated solution of calcium bicarbonate. 
- 13-
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Mann et a1'° modified this method originally used by Kitano. l1 The production of a 
supersaturated calcium bicarbonate solution begins with purging a suspension of 
calcium carbonate in distiIled water with scrubbed CO2• The remaining solid is 
removed by filtration before a further period of bubbling through CO2 in order to 
dissolve any crystal nuclei. Using this method Mann et at produced a solution pH 5.8-
6.2 with a total dissolved calcium concentration in the range 9-9.5 mmol dro-3• 
1.7.1.2 Mixing of two solutions 
The two solutions, one of which contains calcium ions while the other is a carbonate 
containing solution, are mixed together to produce calcium carbonate. 
Different authors have used various calcium and carbonate containing salts and a 
variety of methods for combining the two salt solutions. Many simply add the two 
solutions together such as Reiger and Wheeler,1113 who both used equal concentrations 
of sodium bicarbonate and calcium chloride to produce calcium carbonate. Wheeler 
added the calcium chloride rapidly to the bicarbonate solution while Reiger used a Y-
shaped glass mixing piece to control the flow rates of both solutions. Using this 
method Reiger obtained a supersaturation of approx 170. Calcium nitrate and sodium 
carbonate is another combination of salt solutions that has been used. One solution 
was added to another at a constant flow rate." 
Sikes et aI" used a calcium carbonate supersaturated artificial seawater to produce 
calcium carbonate. Calcium chloride and sodium bicarbonate solutions were 
separately pipetted into a solution of sodium chloride and potassium chloride. This 
took place in a closed reaction vessel to minimise carbon dioxide exchange. Finally 
the pH was adjusted to 8.3 with sodium hydroxide. Initial concentrations of Ca2+ and 
dissolved inorganic carbon were 10mM and 8mM respectively. Slight variations in 
the fonnula have been used to the same effect. ,.,7 I. Dalas" et al used a method with 
similarities to that used by Sikes. The two inorganic salt solutions, in this case 
-14 -
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calcium nitrate and sodium bicarbonate, were added in equal quantities to a 
temperature-controlled Pyrex vessel (with minimal air space above the solution), 
along with any additive. The pH was adjusted to 8.5 (using potassium hydroxide). 
This particular method is referred to as the constant composition method, as the initial 
conditions were maintained throughout the experiments by the automatic addition of 
the calcium nitrate and sodium carbonate solutions from two burettes upon a change. 
in the solution pH. C()lfen20 et al used a double jet reactor. This consists of a 
thennostated container containing a solution of the additive in water under an 
atmosphere of nitrogen. Sodium carbonate and calcium chloride are added at a rate of 
10 cm3 hi! with vigorous stirring. 
1.7.1.3 Ammonium carbonate method 
Addadi21 22 et at use CaCh solution (10mM or 7.5mM) exposed to an atmosphere of 
ammonia and carbon dioxide produced by the decomposition of ammonium carbonate 
The calcium chloride solution becomes alkaline due to dissolved ammonia. The 
presence of carbon dioxide in solution gives rise to the precipitation of carbonate. 
1.7.1.4 Calcium hydroxide 
The final method for producing supersaturated calcium carbonate involves bubbling 
carbon dioxide through calcium hydroxide slurry. This process is used in industry!. 2. 
2. 
-15 -
BACKGROUND AND THEORY Chapter 1: CRYSTALLIZATION 
The methods of calcium carbonate growth used by Mann and Addadi have been 
popular with other researchers in this area. In some .cases in the methods described 
above, calcium carbonate seed crystals have been added to initiate crystallization. 
1.7.2 Calcium carbonate polymorphs 
Polymorphism is a term used to describe the ability of a substance to have different 
crystalline forms, with different conformations/ arrangements of the molecules in the 
crystal lattice. A material usually assumes only one or two different polymorphs, but 
. some substances have been observed to assume many more. In the case of calcium 
carbonate, there are six different polymorphs. The three anhydrous forms are calcite, 
aragonite, vaterite and three hydrated forms amorphous, monohydrocalcite and 
calcium carbonate hexahydrate. Calcite is the most thermodynamically stable 
polymorph at ambient temperature and pressure and aragonite is only slightly less 
stable. There are many similarities in the crystal structures of these two polymorphs. 
The calcium ions and carbonate ions are in alternating layers, perpendicular to the c 
axis:1 The calcium ions are in almost equivalent lattice positions to those in calcite, 
but there are differences with the carbonate Ions in the two polymorphs. In calcite, the 
carbonate groups are all in plane, where as in aragonite there is less organisation with 
some slight rotation and staggering of the groups. In vaterite, the carbonate groups are 
arranged parallel to the c axis. 21 
. In calcium carbonate precipitation, a precursor is formed prior to crystallization. The 
lifetime of the precursor is dependant on conditions such as solution concentration(s) 
imd temperature. Amorphous calcium carbonate has the highest solubility and it has 
been suggested that it is initially formed in the precipitation of calcium carbonate, 
although it is rarely seen due to its very unstable nature. The amorphous form is 
usually converted to vaterite at ambient temperature and finally to calcite sometimes 
through the aragonite polymorph. This is in agreement with the Ostwald-Lussac rule 
of stages.13 2124 2.2930 The Ostwald-Lussac law of stages states that in a supersaturated 
solution a less stable phase will preferentially be formed initially. Where the mineral 
has several polymorphs, transformation to the next least stable forms will take place 
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until the most stable fonn for the conditions is fonned. The observation of different 
phases may be explained by the more unstable forms of the substance having a higher 
free energy. Also the greater the kinetic energy of the molecules, the more readily 
they can take part in the formation of an unstable fonn as opposed to a stable fonn of 
the material: Gal" et al presented a model for the fonnation of a partially hydrated 
uncharged soluble complex species fonned prior to the solid precipitate. Therefore, 
for calcium carbonate the following scheme was proposed again showing the 
transition through the various polymorphs to the most stable fonn of calcite under 
ambient conditions. 
CaCO,' .. +-. CaCO,",~ +-. CaCO,"", +-. CaCO,'.& +-. CaCO,' •• 
U U U U U 
Amorphous Calcium carbonate Vaterite Aragonite Calcite 
. hexahydrate 
Figure 5: Model for tbe formation of calcium carbonate precipitate proposed by Gal. 
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Chapter 2 BIOMINERALlZATION 
2.1 Introduction to mineralization in nature 
Biomineralization is the process by which living organisms produce inorganic solids. 
There is a vast array of inorganic materials, including different forms of calcium 
carbonate, iron sulfides and oxides and phosphates. Of the known products produced 
in this marmer, it has been observed that about 50%32 are calcium containing minerals, 
approximately 60% contain either OH or H20 and one quarter consist of colloidal 
materials"'. Due to the variety of minerals produced, and the number of organisms 
using this process, there is no single mechanism for biomineralization. However there 
are some commonalities between the methods different organisms use to form 
minerals. From these authors have attempted to identify basic processes that are used 
in biomineralization. In this section, the work on biomineralization and attempts to 
mimic the control of biomineralization will be reviewed, with specific reference to 
calcium carbonate. 
2.2 Biomineralization 
The first step in biomineralization is the extraction of elements from the local 
environment. The organism then controls the growth of the mineral and forms them 
into structures that serve specific purposes' The processes that are used to control the 
mineralization may be broadly placed in one of two categories 
(i) Biologically induced 
(ii) Biologically controlled 
The biominerals will be deposited at specific sites. There are 4 main locations for 
biomineralization: 
(i) Epicellu1ar- on the wall of the cell e.g. bacteria. 
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(ii) Intracellular- inside compartments in the cell e.g. unicellular organisms. 
(iii) Intercellular- between closely packed cells e.g. coral reefs. 
(iv) Extracellular- on! within a macromolecular framework.e.g. mollusc shells. 
331 
Intracellular deposition is the most common in nature, whilst extracellular deposition 
is widespread being in all 5 kingdoms!3 
·2.2.1. Biologically induced 
The biologically induced mineralization process produces mineral products in bulk, 
. either intracellularly or epicellularly, as a result of interactions between the 
surrounding environment and metabolic processes. 1 Examples in nature include some 
green algae, which are known to produce carbon dioxide for photosynthesis. The 
environment in which algae usually live is in water supersaturated with respect to 
calcium ions and hence the algae are able to precipitate aggregates of calcium 
carbonate intracellularly. Certain species of bacteria form minerals by this process 
through the reactions of gases, formed through metabolic processes, and metal ions. 
The minerals generally form along the cell wall, and in some cases cells may become 
completely covered with the mineral. The organic components of the bacterial cell 
wall may also act as· a general· surface and hence play a role in influencing 
crystallization. In most cases the crystals produced are heterogeneous and are similar 
to those produced by inorganic methods in appearance and organisation, with a broad 
size distribution and no unique morphology.33Il' 
2.2.2 Biologically controlled 
Biologically controlled mineralization exhibits an extraordinary degree of control over 
mineralization in comparison to the biologically induced process. Crystallochemical 
properties such as size, morphology, aggregation, texture and structural assembly are 
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specific to the species, .and reproducible. The biologically controlled process is 
therefore used in the formation of materials with particular functions, for example, 
shells and bones. I In many cases it is also the process by which organic-inorganic . 
hybrid materials are formed with superior mechanical properties when compared to 
their inorganic counterparts. In all cases, the organism uses a barrier between the 
enviromnent and the site at which mineralization is to occur, a feature of the process 
known as space delineation. It is speculated that this barrieris used to control the 
composition of the solution fr()m which the mineral then forms but in some cases the 
barrier is known to contribute to the formation of the biomineral323'36. In the majority 
of organisms that utilise the biologically controlled method, the composition of the 
solution from which the mineral phase is formed is also carefully controlled." The 
biominerals are quite often formed at intracellular or extracellular locations in 
biologically controlled mineralization. This often occurs in vesticles or matrix 
frameworks3'. 
Vesticles are closed spherical bilayers.3• Organisms that use vesticles secrete them 
prior to biomineralization and mineralization occurs in the confined volume of the . 
vesticles. The protein surfaces are able to control the energetics of nucleation, and 
growth of the biomineral proceeds through the supply of anions into the 
microcompartment. Many vesticles have enzymes on the inner surface which supply 
the non-metallic compounds to the biomineral.39 The biominerals may be transported 
out of the cell membrane and used to construct arrays and superstructures, for 
. example in coccoliths.40 
2.2.3 Organic matrix mediated mineralization 
Organic matrix mediated mineralization is a biologically controlled process involving 
insoluble organic structures, also known as matrix frameworks. I Due to the high 
degree of control the organic matrix mediated process exerts over mineralization, and 
the extracellular site for the formation of the biomineral, this process is of particular 
interest. 
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A simple model for the organic matrix may be considered as being composed of two 
different types of macromolecules: 
(i) Framework macromolecules- a hydrophobic, insoluble phase which acts as 
the structural component. 
(ii) Control macromolecules- hydrophilic macromolecules, responsible for 
nucleation and the crystal form of the mineral phase". 
The mollusc shell is an excellent example of this type of biomineralization, and has 
been the subject of numerous studies in this area. The framework macromolecules, 
which may be found in mollusc shells, are j3-chitin (a polysaccharide) and proteins 
rich in glycine and alanine. Their amino acid sequences are close to that of silk fibroin 
and are often referred to as silk fibroin-like proteins.·1 
Control macromolecules are acidic and in many cases are g1ycoproteins.1 These 
macromolecules are generally rich in aspartic acid, glycine and serine/ 
phosphoserine.'542 This is also the case for mollusc shells. In different layers of the 
mollusc shell, different polymorphs of calcium carbonate may be observed. In 1963, 
in his amino acid analysis of the proteins in the layers in the shells of the mytilus 
californianius, Hare" noticed that the calcite layers have a higher ratio of acidic to 
basic amino acids than in the aragonite layers. In the uncalcified layers there only a 
few acidic residues. It is now generally accepted that proteins used for inducing 
calcite growth are strongly polyanionic, containing highly acidic proteins or 
giycoproteins or a combination of both. They are also much more strongly acidic than 
the soluble organic matrix proteins used for inducing aragonite."31 The control of the 
acidic macromolecules over the polymorph was confirmed by in vitro experiments 
using the soluble organic matrix macromolecules extracted from the specific layers in 
mollusc shells. Macromolecules extracted from the layer in mollusc shells specific to 
growing calcite could be directed to specifically producing only the calcite 
polymorph. The same is possible for the selective formation of aragonite with the 
soluble protein from the aragonite layer!''''' However, as calcite is thermodynamically 
the most stable form, it is possible to switch back to calcite once all the aragonite 
proteins are depleted." 
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In the nacreous layer (a layer at the inner surface of the mollusc shell) aragonite is the 
mineral phase formed. 42 In 1984 a model of the nacre proposed by Weiner et a1" 
suggested that the J3-chitin is the core of the matrix. The core is sandwiched between 
layers of silk fibroin-like proteins with the control macromolecules coating the 
surface. This model has been improved by findings from more recent investigations 
by Weiner et al'" 41. These observations have led to the belief that the silk fibroin-like 
proteins are present as a gel phase containing aspartic acid rich glycoproteins between' 
layers of J3-chitin. The layers of J3-chitin also have aspartic acid rich glycoproteins 
present on the surface. As the mollusc shell forms, the gel phase is replaced by the 
aragonite mineral phase which consequently has silk in intra- and intercrystalline 
spaces and acidic glycoproteins within the mineral. 
> 
p-chitin 
Silk gel ~ A 1r-'t- Aspartic acid rich 
;/ y glycoproteins 
!-J:::i~'~ .. ":L' ---=::L---J 
\ 
I 
Figure 6: Model of the uacreous layer proposed by Weiner et al. 
2.3 Soluble organic matrix macromolecules 
As part of the organic matrix, the control macromolecules play an important part in 
the regulation of growth of biomineralsin nature. To further nnderstand this process, 
, 
the soluble organic matrix proteins have been extracted (mainly from mollusc shells) 
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and used in numerous studies. Investigations into the effect of the proteins on calcium 
carbonate crystal growth have been conducted. 
2.3.1 Inhibition and effects on morphology 
In vitro, it has been shown that the control macromolecules of the organic matrix are 
able to function as inhibitors as well as initiators of crystallization. The inhibitory 
effect of the soluble macromolecules occurs when they are solubilized and free in 
solution. The soluble organic matrix proteins are nucleators of crystallization when 
attached to a solid supPort." •• so Sikes and Wheeler" 15 ,. have studied the inl¥bitory 
effects of organic matrix proteins on calcium carbonate growth. By using pH-stat in 
vitro mineralization assays they have been able to clearly show the ability of the 
soluble matrix proteins to suppress the nucleation of calcium carbonate and to slow 
the growth rate of the crystals. Increasing the concentration of the soluble matrix 
. proteins in solution increases the inhibitory effect. Different matrix proteins extracted 
from different organisms, not surprisingly, also have varying degrees of inhibitory 
effects due to the different percentages of amino acids in the proteins. It was observed 
. that the phosphorylated proteins were more effective at inhibiting growth than the 
non-phosphorylated ones. 151. 
Before crystal formation, the most likely mechanism of inhibition is binding of the 
polyanionic matrix to calcium ions in solution, so reducing the number of free Ca2+ 
ions available. Measurement of the binding capacity of the soluble matrix protein 
showed that it was saturated with calcium in the pH drift assays." 
When the calcium carbonate crystals are in the process of forming, the matrix 
preferentially adsorbs onto the surface of the forming crystal, rather than bond with 
the free ions in solution. This may be due to a higher density of binding sites on the 
crystal surface. This preference of the matrix for crystal nuclei rather than free 
calcium ions has also been reported for the soluble matrix from the calcifYing cells of 
algae. 51 At this point the matrix is much larger than the crystal nuclei and may totally 
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surround it so excluding the movement of Ca2+ and C03' ions to the surface of the 
crystal.~ 
In the case of larger crystals of calcium carbonate, adsorption takes place at individual 
faces. It has been speculated that temporary inhibition of growth at the face of the 
crystal where adsorption has occurred, induces further adsorption of protein to that 
i 
same site. This dramatically reduces their growth rate in comparison to the growth 
rates of the other faces, hence affecting the crystal morphology of calcium carbonate 
grown in the presence of control macromolecules.'"" '" Following adsorption onto the 
calcite, the proteins eventually become overgrown With calcium carbonate and the 
protein becomes occluded within the crystal. Orice intercalated into the crystals the' 
crystal texture is altered, as defects are created in the perfect lattice, and the inherently 
poor mechanical properties of inorganic crystals, which have well-developed cleavage 
planes, are improved through the stabilization of discontinuities." '" 03 Intercalation of 
proteins in crystals has been shown in vivo, for example with sea urchin spines .... A 
similarity in the fracture properties between calcite crystals grown in the presence of 
acidic glycoproteins extracted from the sea urchin and the sea urchin calcitic skeleton 
has been observed.>' It is therefore possible to fonn crystals in vitro with similar 
properties to those fonned in nature. 
In nature organisms are able to selectively fonn specific polymorphs of calcium 
carbonate. This ranges from calcite and aragonite to amorphous calcium carbonate, a 
fonn significantly less stable than the other polymorphs, which is fonned and 
stabilized by a large number of organisms" In vitro experiments have shown that it is 
possible to selectively induce the fonnation of a more stable amorphous calcium 
carbonate phase using the macromolecules extracted from biogenic amorphous 
calcium carbonate at specific concentrations of protein." It was suggested that the 
macromolecules suppress the nucleation of thennodynamically favoured calcite, 
allowing the concentration of ions in solution to increase until the solution becomes 
supersaturated with respect to the amorphous phase and hence this is the polymorph 
observed!<l As stated in section 1.1.3, the same has been shown with different 
macromolecules and the formation of other polymorphs of calcium carbonate. The 
acidic functionalities of these various soluble matrix macromolecules appear to play 
important roles in determining which polymorph is fonned. Macromolecules in the . 
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amorphous phase were rich in glutamic and hydroxyamino acids whilst the calcite and 
aragonite phases are formed where the macromolecules are aspartic acid rich . ., 
. 2.3.2 Initiation and growth 
Soluble organic matrix molecules can act as initiators" of growth when adsorbed onto 
rigid substrates and inhibitors in solution, as Addadi and Weiner""'''' observed with 
. acidic glycoproteins extracted from mollusc shells. In the immobilized form it has 
been proposed that the protein partially adopts a f3-sheet conformation, which has a 
high affinity for ions. The protein intemcts with ions in solution to initiate growth. It 
is also able to attach to a crystal formed in solution, thereby promoting growth 
through stabilization and localization of the crystal nucleus. 
, 
Generally there have been two approaches to understanding biominemlization and 
attempting to mimic the highest levels of control over crystal formation. The first of 
these is a genetic approach, involving shutting down certain sites of the proteins in an 
attempt to understand their function in the biominemlization process. It can take many 
years to understand the function of a small part of a specific protein involved in 
biomineralization for a certain organism and hence this area will not be discussed. 
u 
The second approach is. much more relevant to this work, and involves the 
investigation of simpler additives and substrates with similar functional groups. 
2.4 Low molecular weight molecules 
u,/3-dicarboxylic acids HOOC-(CH2),,-COOH have been used as additives in 
supersaturated calcium bicarbonate solution. Those tested included malonate, 
succinate and maleate. In general the qicarboxylic acids with shorter chain lengths 
(n=I-3) had the most significant effects on the morphology of the crystals formed and 
the cis isomers were the most effective. It was suggested that electrostatic interactions 
between the calcium ions in the surface of the crystals and the carboxylate groups of 
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the organic molecule were primarily responsible . for the binding of the calcium 
carbonate and the dicarboxylic acid. The binding is bidentate in the case of the cis 
isomers, which is why they exert a greater degree of control over the forming crystals 
than the trans isomers .. The increase· in the backbone chain length, n, reduces the 
influence of the organic molecule as there is a longer distance between the carboxylic 
acid group making bidentate binding increasingly more difficult. Bidentate binding is 
also thought to occur between the matrix protein and poly( aspartic acid) as described 
previously. The concentration of the organic molecules in solution determines the 
extent to which the morphology is altered. By a-amino functionalization of the 
dicarboxylic acid morphological specificity could be improved due to the interaction 
of the zwitterionic group with the calcium ions and carbonate ions. In the case of y-
carboxyglutamate, which has an increased number of carboxylate groups and the a-
. amino acid residue, the morphological control is even greater. 10 
Metallocene dichlorides (R2MCIz where R is a cyclopentadienyl ring and M is a 
transition metal ion with a +4 valence state) form more positively charged centres 
, . 
when the chloride is hydrolysed. It was thOUght that the strong interactions with the 
calcite that resulted from this, blocked growth sites of the seed crystals present and led 
to the observed reduced growth rate and the smaller crystal size. The metal influenced 
to what degree the rate was reduced. The metaIIocene dichloride with a zirconium 
metal centre was found to be most effective at reducing the rate of crystal growth of 
those investigated." 
Certain non-aqueous solvents have been used as additives and have been shown to 
have an effect on the polymorph precipitated: The alcohols ethanol, isopropanol and 
diethylene glycol increase· the growth rate of vaterite crystals and stabilise this 
polymorph, preventing its transformation into calcite. The aIcohols also affect the 
morphology of the vaterite crystals, which are also highly aggregated." 
Benzotria2oles also increase the growth rate of calcite crystals although they have no 
effect on the morphology. Benzotria20Ie-5-carboxylic acid was the most effective of 
those used, increasing the rate of growth by 484%. One possible explanation for the 
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acceleration of growth is the reduction of the chemical potential of the supersaturated 
calcium carbonate solution."' 
2.5 Polymers 
2.5.1 Polypeptides 
The effects of synthetic polypeptides analogous to the soluble protein have been 
investigated for any similarities in the control of crystal growth. This infonnation 
could lead to a better understanding of the role of the organic matrix, which is rather 
complex consisting of a variety of different amino acids in specific amounts. Levi et 
af 2' investigated a variety of different polypeptides in an environment containing 
chitin, with or without silk fibroin, to 'simulate a biological environment used by the 
protein matrix in nature. Poly(aspartic acid) and poly(glutarnic acid) were the most 
effective of those tested, always inducing crystal formation and usually producing 
more than one polymorph of calcium carbonate. This indicates that poly(aspartic acid) 
and poly(glutarnic acid) exert less control over crystal morphology than the organic 
matrix which is usually able to exert complete control over the polymorphic fonn . 
. Poly(aspartic acid) has been more widely used in experiments,' as the matrix 
molecules associated with calcite growth are aspartate rich. Poly( aspartic acid) in 
solution has also been found to be a potent inhibitor of calcite formation as are the 
matrix molecules. IS The influence of poly( aspartate) on crystal growth was found to 
be related to its concentration in solution. For example, Gower et al62 used the 
anunonium carbonate method to produce calcium carbonate with poly( a,L-aspartate) 
as an additive, and found that at lower concentrations (O.5)lglml), the characteristic . 
calcite rhombohedra were distorted. At higher concentrations (5-30)lglml) vaterite 
was observed asTOunded particles often displaying helical protrusions .. 
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Figure 7:- a) poly(glutamic acid) and b) poly(aspartic acid) 
2.5.2 Other organic polymers 
As the control macromolecules and certain polypeptides have such an effect on crystal 
growth and morphology, other organic polymers containing carboxylic acid groups 
have been investigated. Polymers with different functional groups and molecular 
weights have been studied, and have shown the importance of configuration in 
controlling crystal growth. Some of the polymers have been specifically designed 
whilst others have been investigated due to their properties. 
Poly(acrylic acid) has been used as an additive in calcium carbonate precipitating 
solutions by various authors. It has been shown to be a potent inhibitor of 
crystallization as is poly(methacrylic acid) and poly(allylamine).63 64 It has been 
observed that PAA can be involved in the nucleation of calcium carbonate under 
acidic conditions, but separates from the crystals under basic or neutral conditions. In 
this instance, PAA was able to produce 14% calcite and 86% vaterite ... Severely 
aggregated calcium carbonate has also been observed when P AA was present in 
solution ... 
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Figure 8:-a)'PMAA, b)PAA and c) poJy(aUyJamine) 
Kawaguchi et aL" investigated polystyrenesulfates with different molecular weights 
ranging from 5,000 to 500,000g mOrI, It was found that the higher the molecular 
weight and concentration of this polymer was, the more spherical, smaller and the 
smoother the surface of the resulting calcium carbonate crystals, The particles were 
mixtures of calcite and vaterite polymorphs. Pure vaterite crystals were produced 
when the molecular weight of the polystyrenesulfate additive was 500,000 g morl and 
the concentration was 500ppm or above. The polystyrenesulfate adsorbed onto the' 
crystals due to the presence of sulfate groups, and as such the calcium carbonate 
crystals formed contained a certain amount of the polymer. There was a large 
variation between the interdistances of the sulfonic anions and the calcium ions in 
vaterite, hence there is no matching distance effect. It is probable, therefore, that the 
polymer just prevents transformation to pure calcite through adsorption. of the 
polymer on the crystals. It was shown that polystyrenesulfate was responsible for 
strongly retaining the morphology in water when the molecular weight was 500,000 g 
mOrl. 
Poly(N-vinyl-2-pyrrolidone) has only a weak attraction to calcium ions and therefore 
has a less pronounced effe~t on crystallization. In the initial stages of crystallization, 
the polymer adsorbs onto the spheres. of amorphous calcium carbonate leading to 
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vaterite in the fonn of cauliflower shapedspherulites. The calcite fonned from the 
transfonnation of the vaterite polymorph was smaller and had a finer shape in 
comparison to those produced under similar conditions, but in the absence of the 
polymer. In the presence of polyvinylpyrrolidone, the transfonnation rate from 
vaterite to calcite is also increased.·' 
2.5.3 Poly(isocyanide)s 
H 0 
k. '11 ~ ·~O ) C=N-C-C-N-C-C .• ~H· . 6H '0- Na+· n 3 3 
Figure 9:- Poly(L-isocyanoanoalanyl-D-a1anine) 
Poly(L-isocyanoanoalanyl-D-alanine) has a rigid helical structure and regularly 
distributed carboxylic acid groups. Donners et al" observed that by adding this to a 
calcium carbonate crystallizing solution, only calcite crystals with an apple core 
morphology were fonned. The crystals were elongated along the c-axis and had three 
end faces expressed on each side of the crystal. This specificity was believed to be 
due to adsorption of the polymer onto the growing crystals, therefore blocking their 
growth at certain sites. This polyisocyanide also exhibited remarkable control over the 
crystal size. It was found that the molecular weight and polydispersity of the polymer 
had no effect on the crystals, however a significant effect was noticed with a small 
change in the secondary structure. The structure of the L,L-isomer is not so well 
defined and, when present in the crystallizing solution, was found to have much less 
control oyer the shape and size of the crystals which were themselves less well 
defined. This emphasises the importance of the structure of the additive and the 
dramatic effects that small changes can have on the calcium carbonate crystals. Other 
polymers where the structure has a significant effect are DNA where the calcium 
carbonate crystals precipitated are spherical, but almost entirely calcite. Poly( ethylene 
glycol) (pEG) is a non-ionic surfactant, but the long chain has the ability to direct the 
growth of aragonite by acting as a template." 
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2.5.4 Block copolymers 
· Diblock copolymers have been used where both blocks are water·soluble but one 
block has an affinity for calcium ions and the other controls the degree of surface 
activity of the first and promotes dissolution of the polymer in water." 70 These double 
hydrophilic block copolymers demonstrate the importance of functional groups and . 
structure in controlling the crystallization of calcium carbonate. 
· Poly(ethylene oxide)·block·poly(methacrylic acid) copolymers produced elongated 
rhombohedral crystals of pure calcite. " These were formed due to adsorption at 
specific sites on the growing crystals, thereby reducing the growth rate in directions 
perpendicular to the c·axis. It is assumed that the poly(methacrylic acid) (PMAA) 
block is adsorbed onto the crystal controlling the growth while the PEO block is 
excluded from the crystal surface so as to prevent crystal aggregation and providing a 
stabilizing effect. By increasing the concentration of the copolymer polydisperse 
spherical calcium carbonate, consisting of 20·30nm crystals, were formed. The ratio 
of PEO:PMAA also played an .important role. At 1:1 ratio, the inhibition· of 
crystallization was the greatest of the copolymers. 72 On increasing the proportion of 
PEO:PMAA the size distribution of the crystals was broadened." It is by the 
combined effects of the two blocks that these morphologies of the crystals were 
• formed. Only PEO has no effect whilst PMAA suppresses crystallization and 
produces small irregular shaped crystals.72 . 
When surfactants are present in solution with PEO·block·PMAA copolymers, the 
calcium carbonate morphology is affected by the interactions between the two 
additives.73 In a PEO·block·PMAA·sodiumdodecylsulfate system it is assumed core 
shell micelles are formed. The PEO interacts strongly with the anionic surfactant and 
is therefore stabilized in the head group region of the surfactant micelles forming the 
core, while the PMAA segments form the shell. These micelles then act as templates 
for crystallization with the free PEO·block·PMAA acting as an inhibitor. In this way 
calcite grows around the PEO·block·PMAA·sodium dodecylsulfate micelles forming 
hollow spheres. If the concentration of the surfactant is increased significantly, the 
PEO·block·PMAA molecules should all be bound and pure anionic surfactant 
micelles will be present in solution. In this situation uniform vaterite discs can be 
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produced. In the PMAA-sodiumdodecylsulfate system, solid calcite spheres are 
fonned and rhombohedral calcite may be observed in the PED- sodiumdodecylsulfate 
system. 
In contrast, the cationic surfactant, cetyltrimethylammonium bromide is also believed 
to produce the core shell micelles, but the surfactant interacts with the PMAA blocks 
to fonn a core leaving a shell of PED segments.73 These core shell micelles are not 
thought to template crystallization. In this way the cationic surfactant inhibits the 
efficiency of the block copolymer. 
The influence of double hydrophilic block copolymers changes with the lengths and 
types of blocks used and also with any modification to the blocks with various 
functional groups. The morphology of the crystals resulting from these factors is 
extremely varied. Poly(ethylene glycol) -block- PMAA and PEG-block-
poly(ethyleneimine) produce predominantly spherical calcium carbonate. The PED-
block-PEDTA polymer is able to produce hollow spheres of pure vaterite which are 
stable for long periods of time. This was attributed to the functional pattern of the 
PEDTA block which takes the fonn of and adsorbs to the vaterite (the polymorph first 
fonned in the solution due to the flexibility of the block), Sulfonated PEG-block-PE! 
may control the crystal growth to fonn hexagonal vaterite platelets". Phosphonated 
blocks have a high affinity for calcium carbonate. The phosphonation of 21 % of the 
carboxyl groups in the PMAA block of PED-block-PMAA produced a polymer 
. capable of controlling the crystallization to fonn monodisperse spheres consisting of 
vaterite and calcite'". Certain hydrophobic moieties attached to PEG-block-PE! 
copolymers were shown to influence the stabilization of the crystals fonned. For . 
example, long polyethylene bocks lead to more stable calcium carbonate than shorter 
alkane chains.7' 
c) 
Figure 10:- a) PEO, b) PEG and c) PEI 
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2.5.5 Polymers containing NH"'O bonds 
Ueyama et al" synthesized novel polymers containing NH'" 0 bonds and investigated 
their effect on mineralization. In the investigations where benzoates were used attach 
to the calcium in calcium carbonate, the importance of the spacing and location of the 
. carboxylate groups was once again observed. Of those polymers, the only one to bind 
to the calcium carbonate and have a significant effect on the crystal morphology was 
the one shown in figure 10 due to the parallel-orientated carboxylates and the correct 
spacing between these groups. 
-10A 
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Figure 11: The spacing between the carboxylate groups on a polymer containing NU"'O bonds 
synthesized by Ueyama et aI 
In this case, the polymer inhibits growth specifically at the [401] plane on the crystal 
due to the binding of the polymer. The separation distance between the carboxylate 
groups (lOA) is virtually identical to the separation between two alternate calcium 
ions (9.88A). The NH"'O hydrogen bonds between the amide NH and the 0 anion in 
the carboxylate prevents dissociation of the Ca-O bond by hydrolysis by lowering the 
pK. of the corresponding carboxylic acid." 
In the polymers containing bemoate groups, the nucleophilicity of the carboxylate 
. group is also decreased, therefore further work was pursued with alternatively 
amidated poly(l-carboxylate-3-N -alkylamidotetramethylene)s with alkane 
carboxylate groups (figure 11). In the case of metal complexes of these polymers, the 
metal ion (M) made a difference. In acidic conditions, the alternatively amidated 
polycarboxylates and sodium complexes produce mainly vaterite as the anion of the . 
polymer can control the polymorph at the nucleation stage. In the case of calcium 
complexes, the carbonate group binds directly to the calcium in the complex, hence 
- 33-
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nucleation takes place without involvement from the polymer and calcite is the main 
polymorph formed, although it must be noted that the polymer ligand does bind to the 
calcium carbonate crystals eventually 6!!. In the same way as the bemoate polymers, 
the Ca-O bond is once again protected due to the NH"O hydrogen bonds. It is 
believed that there is a similar effect in calcium binding proteins. For example, the 
carboxylate group in the Asp or Glu may form a NH"'O hydrogen bond with the NH 
group in Asn.6!!71 
Figure 12:- Alternatively amidated poly(1-carboxylate-3-N-a1kylamidotetramethylene) 
2.5.6 Dendrimers 
Poly(amidoamine) (PAMAM) and poly(propyleneimine) (PP!) dendrimers have been 
shown to effect the morphology of. calcium carbonate crystals when added to 
solutions used to produce the calcium carbonate. PP! dendrimers modified with long 
alkyl chains· formed· globular aggregates in solution which produced spheres of 
amorphous calcium carbonate (ACC). When the aqueous solutions also contained 
single chain surfactants at concentrations below the critical micelle concentration the 
aggregates of the dendrimers were affected, which in turn affected the crystals 
produced. In the presence of octadecylamine the aggregates were polyhedral with a 
narrow size distribution. The ACC spheres were again observed, but were stabilized 
for a much longer period in solution. In the presence of cetryltrimethyl ammonium 
bromide the resulting spherical aggregates, with a narrow size distribution of PP!, 
produced calcite crystals which were covered with disc-shaped vaterite. 78 
The effect of starburst poly(amidoamine) (PAMAM). dendrimers containing 
carboxylate groups at the external surface (denoted as half generation) has also been 
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investigated. The structures of these dendrimers are disc-like for the early generations 
, whereas higher generations are spherical." These dendrimers, proposed as mimics of 
anionic micelles or proteins, have shown remarkable control over the size of the 
spherical vaterite particles which form in their presence. Vaterite is stabilized under 
these conditions due to the strong Ca-O bond. The complexation with the calcium ' 
ions in solution is, considerably stronger for the higher generation numbers and this 
controlled the sizes of the spheres. The particle sizes were determined by the degree 
of adsorption of the dendrimer. An increase in the generation number from G 1.5 to 
G3.5 therefore resulted in a decrease in the particle size from5.5 ± 1.1 to 2.3 ± O.7f.tm 
where the concentration of carboxylate group were kept constant. Further increases in 
generation number had no further change to the size. By changing the concentration 
of the' carboxylate groups from O.26mM to 8.33mM, the spheres of vaterite again 
showed a significant reduction in size." 81 
When certain polymers are present as additives in solution they have an ability to 
effect calcium carbonate crystallization. The functional groups play an important role 
in this especially with respect to their binding ability to calcium ions. However, the 
presence of specific functional groups is not an indication of the degree of control that 
the polymer exhibits over crystallization. The combination of functional groups, their 
relative positions along the polymer backbone (whether there is a matching distance 
effector not), the length'ofthe polymer and concentration in solution are all important 
factors. In addition to this, the structure in solution and the isomer of the polymer can ' 
also have significant implications on the crystallization. Changes in any of these can 
dramatically effect the role, if any, the polymer plays with respect to the nucleation 
and growth of the calcium carbonate particles. 
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2.6 Small ions 
2.6.1 Cations 
A variety of metal cations have been used as additives in solutions used to precipitate 
calcium carbonate, amongst these the magnesium ion is probably the most researched. 
Many reports have shown that Mj(+ induces aragonite formation while others have 
shown no such effect on the polymorph crystallization. Vaterite, calcite and even 
amorphous calcium carbonate have been precipitated when Mj(+ has been present in 
solution." 82 The different conditions used, especially with respect to the concentration 
of magnesium, seem to be responsible for the variation in the crystals grown in the 
presence of magnesium. What is clear from the experiments is that magnesium ions 
are incorporated into the calcite crystal lattice. Increasing the concentration of the 
magnesium ions in solution increases the amount in the crystal. This causes strain in 
the lattice and as a result the solubility of calcite can increase by a factor of two. For 
this reason it is believed. that magnesium is preferentially included in calcite in 
preference to vaterite." Magnesium is also known to inhibit the formation of calcium 
carbonate and transformation to different polymorphs through inclusion in the crystal 
lattice83 and adsorption onto the surface. Meldrum et al82 showed this effect with 
amorphous calcium carbonate produced by the mixing of two salt solutions. The 
quantity of magnesium present in solution with respect to the calcium concentration 
effected the time taken for transformation to a crystalline phase. The higher the 
Mg:Ca ratio, the more magnesium was occluded within the amorphous calcium .. 
carbonate and the longer the time the amorphous phase was stabilized. The . 
magnesium concentration also causes substantial changes in crystal morphology. 142830 
48!11848S 
The presence of other divalent cations has shown some interesting results. Divalent 
metal ions may coprecipitate with calcium carbonate, adsorb on the surface of the 
particles in solution or form solid. solutions and occlusions". Brecevic et al30 rr 
examined the effect on vaterite and calcite polymorphs by the doping of the calcium 
chloride solution with various ions. In a vaterite precipitating system, the crystal 
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lattice was not greatly distorted when magnesium was incorporated into the lattice, 
probably due to the due to the fact that the Mg'+ is smaller than the Ca2+, but it did·· 
effect the shape of the particles produced which were more disc-like. With the 
addition of a barium ion which is much larger than Ca2+, the crystal lattice was 
. distorted and the size of the particles increased quite significantly~ Mn2+, eu2+, Pb2+, 
. Cd2+ and sf+ have been examined in a similar way and with the exception of the 
. copper ion, all the divalent cations were incorporated in the crystal. By increasing the 
concentration of the lead and cadmium ions, calcite was detected in the vaterite 
precipitating system. Similar experiments with alkaline-earth cations produced no 
calcite. This is due to the difference in the crystal fields around Pb2+ and Cd2+. In 
addition the manganese ion was also foUnd to stimulate the inclusion of more thaIi. 
double the amount of lead ions in the vaterite thaIi. lead ions alone and triple the . 
amount of magnesium ions. In comparison to the calcite precipitating system, it was 
observed that there was a much larger uptake of Mn2+, Pb2+ and Cd2+ in the vaterite 
system. 
In other systems it has been observed that many divalent cations (Sf+, Pb2+, Fe2+, 
NiH, CoH, Zn2+ and Cu2l favour the formation of aragonite In the case ofFe2+, Ni2+, 
C02+, Zn2+ or Cu2+, the explaination for this, given by Wada87 et ai, is that the ions 
reduced the growth rate of aragonite by adsorption therefore allowing for a high 
degree of supersaturation. The calcite then became thermodynamically less stable than 
aragonite, hence aragonite was formed. With sf+. and Pb2+ present in a large 
concentration, the solid solution of aragonite containing either srCo3 or PbC03 
.. became more thermodynamically stable thaIi. calcite. When sf+ and Pb2+ were present 
in a small concentration, the impurities reduced the reduced the growth rate of 
aragonite so aragonite was present as a pseudostable phase. The barium divalent 
cation favours the formation of vaterite and with the mechanism similar to that with 
St2+ and PbH present. 
There has been limited work on the effects of other cations. Li+ was found to interact 
specifically with the basal (001) faces of calcite. At I: 1 0 Ca:Li, hexagonal tabular 
crystals were formed. The high· concentration of lithium required to produce this 
effect led to the suggestion of specific electrostatic shielding of (001) due to the cation 
being located in surface sites." Wada et al87 exami~ed the effect of Ag+, A13+ and ct+ 
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on calcium carbo~ate using a double diffusion technique. In all cases it was found that 
these cations promoted the fonnation of the aragonite polymorph, although other 
polymorphs were also observed. In the case of the silver ion, silver carbonate crystals 
were fonned initially and these acted as nuclei for aragonite growth. In the case of 
trivalent ions, the growth rate of aragonite was reduced by adsorption of the ions. onto 
the aragonite nuclei. The supersaturation therefore remained high and aragonite was 
observed to be the dominant polymorph. The aragonite was precipitated as spherulites 
with fibrillation in the cases of A13+ and ct+, and without fibrillation with Ag +. Ae+ 
and Cr3+also produced dendritic calcite which was observed as rhombohedrals with 
the silver ions. No significant change was observed between the vaterite crystals 
observed.87 When SOhnel et al examined the effect of ct+ ions in a NaC03-CaCh 
system, calcite (rhombohedral) and vaterite were fonned, but the crystal size was 
.. significantly smaller and the precipitation induction time was increased." Li+ was 
found to interact specifically with the basal (001) faces of calcite. At. 1:10 Ca:Li, 
hexagonal tabular crystals were fonned. The high concentration oflithium required to 
, 
produce this effect led to the suggestion of specific electrostatic shielding of (00 1) due 
to the cation being located in surface sites. 
The system appears to make a difference to the phase fonned and as with magnesium, 
the cations investigated are able to act as inhibitors of calcium carbonate growth. 
2.6.2 Anions 
Simple anions have also been researched, ~Ithough less extensively than cations. pol 
has exhibited an inhibitory effect on calcium carbonate fonnation. 48 90 It acts as an 
inhibitor in much the same way as some of the cations by adsorbing onto the surface 
of the crystal therefore reducing the growth rate. In precipitating solutions, the rate of . 
precipitation can be dramatically reduced by even small concentrations of phosphate." 
sol- is able to produce modified rhombohedral crystals" in solution. The 
modification of the crystals was most likely caused by an inhibitory effect at certain 
crystal faces. Tracy et al ... 3 observed an interesting effect when sol- was present in 
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solution in addition to cationic impurities. sol- and either Mlr, Fe2+ or St2+ present 
in the calcium carbonate precipitating solution, were able to produce calcite spheres. 
Only the combined addition of one of these divalent cation with the sulfate anion were 
able to precipitate these spheres in the calcium carbonate crystallizing solution. 
Interestingly, no spheres were formed when A13+ was present with sol- suggesting 
, that the charge of the cation is more important than its size. The concentration of the 
additives determined the percentage of crystals formed as these spheres. The calcitic 
spheres formed with Mif+ and sol were examined more closely. They were found 
to have a 3 part structure consisting of a core of aggregated spheres, a surface with a ' 
'. , 
prismatic texture and large radiating crystallites in the section in between. Mg was 
found in the spheres, although the concentration was higher in the younger spheres. 
The authors suggest magnesium and, sulfate ions interfere with the initial 
precipitation, therefore slowing the crystallization process and the possibility that the 
additives set up a rejected boundary layer causing fibrillation. Both of these processes 
are able to produce spherulitic growth. 
2.7 The effect of substrates ' 
In solution, without the addition of additives and at ambient temperature and pressure, 
calcite is the' polymorph which is most likely to form at the air/solution interface_ ID 
However in this system crystals also tend to form on the walls and bottom of the 
container holding the. solution which affects the crystals grown. A variety of 
substrates have been used for growing calcium carbonate crystals on to examine the 
role of the substrate in the crystallization process. Previously it has been mentioned 
. . , 
that when proteins are adsorbed onto a substrate, thereby altering the surface 
chemistry, they can affect crystal growth. In the case of the soluble proteins, the 
functional groups and their distribution on the surface are clearly vital in the control 
of initiation and growth of calcium carbonate crystals. In this way, in organisms, these 
. substrates are able to control initiation and growth through heterogeneous nucleation 
under normal conditions." Surfaces have also been modified with chitin (figure 13) 
and silk as described earlier to simulate an enviromnent closer to the biological one 
used by organic matrix molecules in nature. In the presence of silk and certain 
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polypeptides analogous to the organic matrix, more polymorphs of calcium carbonate 
were observed than in the absence of silk. Thin films of calcium carbonate were also 
produced with chitin substrates in the presence ofpoly(asp) or poly(glu) in solution." 
These types of proteins are very specific to fonning calcium carbonate, but other 
substrates are not. 
o o 
NHCOCH3 
n 
Figure 13:- Cbitio 
2.7.1 Natural polymers 
Elastin is a highly cross-linked polymer found in arterial walls. This protein was 
observed to favour the formation of the calcite polymorph. The amino acid 
composition of the polymer shows that over a third of the amino acids are glycine . 
with alanine and valine being the next most abundant. The basic monomer is a single 
peptide chain with approximately 800 amino acid residues and these monomers have 
random coil confonnations. Crystal growth IS favoured at certain sites on the polymer, 
believed to be C=O groups, where it is thought that the calcium ions interact with the 
negatively charged end of these groups. The amount of elastin substrate had no effect 
on the rate of nucleation." 
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2.7.2 Glass 
Glass is a substrate which has been present in a large number of studies either in the 
fonn of a container for the supersaturated calcium carbonate solution or asa separate 
substrate immersed in the solution. On glass substrates in solution, in the absence of 
additives, calcite is the polymorph which is preferentially fonned although some. 
vaterite may also be observed. This may be due to lattice rearrangement to calcite 
through interactions of the negatively charged glass with Ca2+. In a glass dish 
containing supersaturated calcium bicarbonate solution, Mann et a1'. reported that 
calcite crystals produced on the bottom of the dish were significantly smaller, well 
defined and discrete in comparison to those at the air/ solution interface. With glass 
substratesthe evidence suggests that calcium carbonate colloidal particles are first 
nucleated in solution homogeneously and. then attach to the glass substrate. Growth 
appears to continue after the particles are adsorbed onto the surface." Kim et al" used 
glasses of the composition Si02-Na20-B203-RO where R was a group 2 metal. In the 
presence of Na2C03, the metal ions leached out of the glass and fonned carbonate 
crystals on the surface of the glass. Where R=Ca, calcium carbonate was observed at 
pH 6-12.5. 
2.7.3 Langmuir monolayers 
Supersaturated . calcium bicarbonate solutions have been prepared with 
monomolecular films of insoluble surfactants spread across the surface of the 
solution, known as Langmuir monolayers. Some of these monolayers were able to 
control the nucleation and growth of calcium carbonate producing oriented crystals of 
different morphology in comparison to the usually observed intergrown aggregated 
rhombohedral calcite crystals usually observed at the air water interface. 
Under fully compressed stearic acid (CH3(CH2)16COOH) monolayers, the polymorph 
fonned is dependant on the calcium ion concentration in solution. At 9mM, calcite is 
still fonned, however the nucleation is not only restricted to the film (in the absence 
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of the monolayer, crystals are also observed on the container) but also mostly oriented 
with the [1 i 0] axis of the crystals perpendicular to the 'organic surface. The crystals 
also have a narrow size distribution. By reducing the calcium ion concentration to 
4.SmM, oriented vaterite was formed and at concentrations between S-8mM both 
polymorphs were observed." A comparison of the compression of the mono layers 
with a calcium ion concentration of 9mM revealed that this factor made little . 
difference to the crystal morphology, but the nucleation density was reduced, and 
more non-oriented calcite crystals were produced." 
The explanation for the degree of control over crystallization is related to charge and 
. 
stereochemical and geometric matching. For the system with the highest degree of 
control, fully compressed monolayers with a 9mM calcium ion concentration, the 
. calcium ions in solution gather at the stearate headgroups due to electrostatic 
interactions. The geometric match resulting from similarity in distance between the 
carboxylate headgroups in the film( approximately SA) and the Ca-Ca distances in the 
(1 i 0) face (4.96A) and the stereochemistry of the headgroups in the stearic acid 
monolayer mimics that of the carbonate in the same calcite face", hence the specific 
orientation of the crystals is observed under these conditions. At the lower 
concentration of calcium. ions, stereochemical and electrostatic interactions are 
thought to be responsible for the oriented vaterite. At these lower concentrations, the 
layer of calcium ions under the monolayer is not structurally ordered as at the higher 
concentration; therefore geometric matching does not play a role in the control of the 
vaterite crystals grown.' 
Amphiphilic tricarboxyphenylporphyrin iron (1II) Il-oxo dimmers were also used as 
mono layers on calcium bicarbonate solutions. The semi-rigid arrangement of 
carboxylate headgroups again had a sA intercarboxylate distance and the vast 
majority of the crystals formed were again the highly oriented calcite polymorph of 
calcium carbonate with rhombohedral morphology, indicating calcium ion binding to 
the template. However, in this case, the authors observed that the crystals were . 
s~spended from the surface by a corner with possible nucleation at or near the surface 
on the (001) face. The amphiphile was also incorporated into the crystals'oo. 
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Langmuir films of glycine modified diacetylene have been examined in a similar 
, 
way.'·' Under these uncompressed mono layers, calcite was predominantly formed 
with a small percentage of vaterite. Compressed monolayers formed exclusively the 
vaterite polymorph. The headgroup spacings of the modified diacetylenes are very 
similar to the spacings of stearate monolayers. The vaterite crystals were also 
observed to grow along the line which connected the foci of the supramolecular 
structure in a similar way the aragonite phase does in the nacre in nature. The small 
percentage of vaterite observed in the uncompressed monolayers was thought to be 
due to some localised organisation in the film leading to a striped structure. 
Another monolayer with different anionic headgroups used was eicosyl sulfate 
(CH3(CH2)190S03H). The sulfate headgroups give rise to triangular calcite crystals 
with the (001) face preferentially nucleated under the monolayer. The explanation for 
this oriented crystal growth, is exactly the same as for the stearic acid. The dramatic 
change in crystal orientation is because the there is a good lattice match with the 
. calcium ions in the (001) face as opposed to the (110) face in the case of stearic 
acid'oz. 
Obviously this mechanism cannot be true for crystal growth under compressed films 
of surfactants with cationic headgroups and a different effect on the crystal growth 
would therefore be expected. Such was the case with octadecylamine 
(CH3(CH2)I7NH3 +) which formed oriented vaterite independent of the degree of 
compression of the monolayers or the calcium ion concentration in the bicarbonate 
. solution (in the range 5-10mM). The vaterite crystals formed under these monolayers 
have a discrete, dendritic morphology. The formation of vaterite on this surface 
suggests that calcium ions do not need to bind to the headgroups in order to induce 
this polymorph. The orientational effect of the monolayer on the vaterite may be due 
to carbonate binding. to the amine groups thereby providing some stereochemical 
recognition..... . 
Uncharged films do not have such a significant effect. Compressed octadecanol 
(CH3(CH2)170H) monolayers inhibited crystallization while cholesterol (C27H.tSOH) 
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films have no effect whatsoever.'" This shows the importance of the charge of the 
substrate for heterogeneous nucleation .. 
2.7.4 Self-assembled monolayers on metal substrates. 
Self-assembled mono layers (SAM' s) of alkyl thiols on flat metal substrates have been 
used to control crystallization. The thiol. chain length and the functional group 
attached were important parameters in the their effect on the crystals of calcium 
carbonate formed. Crystallization was observed with thiols with both polar and non-
polar groups attached, however there was not surprisingly a higher nucleation density 
with the more polar surfaces (S03Na and COOH substituted thiols). It was also 
obserVed that with both CH3 and COOH terminated SAM's on a substrate the 
crystallization was restricted to the polar regions. This is due to a faster nucleation 
rate with the carboxylic acid groups, therefore transport of ions from the methyl 
terminated SAM's to the growing crystals results in the preference for crystallization 
in certain areas observed. Where the terminal' group was the same, changing the 
length of the alkyl chain could change the ~lymorph preferentially nucleated on the 
surface. An example of this was observed on carboxylate terminated thiols where 
calcite was formed where the thiol had 11 carbons in the alkyl chain, but increasing 
this to 16 carbons produced mainly vaterite under the same conditions. Another 
interesting effect was observed by changing. the metal substrate. For. identical 
carboxylate terminated SAM's changing the metal support from Au(111) to Ag 
changed the nucleating plane of the calcite crystals from (105) to (012).103104 
SAM's of alkyl thiols on gold colloids have also been used as templates for calcium 
carbonate growth. A completely homogeneous solution of calcium chloride and gold . 
colloids coated with SAM's, adjusted to pH 12 using sodium hydroxide, and the 
ammonium carbonate method were 'used. Nucleation of the calcium carbonate took 
place at the interface and crystal growth continued for a while before the crystalline 
aggregates precipitated out. At 22°C, spheroidal products were observed, some of 
. which displayed well-defined faces with complex aggregates of facetted calcite, 
organised radially. Others had smooth surfaces, but were still exclusively calcite. It 
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was suggested that the facetted crystal growth occurs later in the crystallization, when 
the crystals grow more slowly due to a decrease in the supersaturation. The difference 
in the relative sizes of the gold colloids and spheroidal products and the fact that there 
were a lower number of products than colloids, indicated that the aggregates probably 
contained more than a single colloid seed In comparison, calcium carbonate formed 
on flat SAM coated gold surfaces under the same conditions was still pure calcite, but 
had a highly inhibited morphology. This inhibition was attributed to the ionisation of. 
the phenolic OH groups at the high pH. The quantity of material obtained from 
crystallization was also significantly smaller on the flat surfaces.'''' With a SAM layer 
of 4-mecaptobenzoic acid on gold nanoparticles, spherical crystals were formed where 
vaterite was formed Oli the nanoparticles.'06 
2.7.5 Gels 
Falini et al'07 'OB .. used cross-linked gelatin films as substrates. The structure of the 
substrate is complex since gelatin consists of denatured and degraded collagen, but the 
nature of the film is such that it contains cavities. With the ammonium carbonate 
method for producing supersaturated calcium carbonate, rhombohedral calcite was 
observed on the film and at the air/water interface. By entrapping poly-L-aspartate in 
the film the orientation and polymorph could be controlled. At low concentrations of 
polyaspartate (less than O.5j.tg per gram of gelatin), oriented calcite was observed on 
. the surface due to the carboxylate groups protruding from the film. Increasing the 
___ concentration produced unoriented calcitic aggregates. Aragonite was formed, mostly 
in the gel, with a further increase in concentration, and at very high concentrations 
(300mg per gram of gelatin), unoriented vaterite was produced. When magnesium 
was also present in the crystallizing solution, there were significant changes to the 
morphology of the crystals. The gelatin also allowed a high degree of magnesium 
replacement in calcite so that calcite with up to 12mol% was obtained. 
Uniaxial deformation of the films results in an orientation and reorganisation of the 
, 
molecules, and decreases the dimensions of the cavities. In the absence of any 
polyaspartate this has no effect on the formation of calcite outside the film. However, 
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when polyaspartate is present in the film, the carboxylate groups project into the 
cavities effecting the ionic diffusion into the films. At less than O.5/-lg per gram of 
gelatin, oriented crystallization of calcite occurred mainly in the film. It was 
suggested that the increase in polyaspartate concentration increased the diffusion of 
ions into the film therefore increasing the local supersaturation in the cavities. As the 
cavity size decreased on film deformation, a higher calcium concentration was present 
in a smaller volume, hence aragonite and· vaterite were observed at lower 
concentrations of entrapped polyaspartate. All the polymorphs were oriented in the 
stretched films. This orientatio~al control is either by the presence of polyaspartate, . 
which has an ordered secondary structure, or due to the deformation of the films 
which provokes organisation of the collagen molecules. 
2.7.6 Other polymers 
Polymer substrates containing -C=N have been shown to stabilize calcium carbonate 
hexahydrate. It was believed that, due to electrostatic interactions, the calcium ions 
were fixed near these groups and the carbonate anions then diffused towards these 
calcium ions. A shorter induction time was observed for the substrate with a 100 wt% 
acrylonitrile content in comparison to the polymer with a 38 wt% content.'" 
Chitosan is similar to chitin and may be obtained by the deacetylation of chitin. In the 
presence of a chitosan substrate, calcite crystals formed from a supersaturated calcium 
bicarbonate solution were also observed at the air/solution interface, and on the 
container. Those formed on the chitosan substrate were randomly distributed and had 
a multilayer habit. By addingPAA (molar mass 2,000 g morl ) to the crystallizing 
solution, heterogeneous nucleation was promoted on the chitosan and homogeneous 
nucleation was suppressed. This occurs due to the adsorption and also penetration of 
the P AA into the chitosan film, and consequent production of protonated nitrogen 
cations and carboxylic anions on the substrate. In this case both calcite and vaterite 
were observed. The crystal habits of crystals grown where P AA is present in solution 
in the presence of the chitosan substrate and where PAA is previously adsorbed onto 
the substrate and the crystals subsequently grown without P AA in solution were 
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identical. However, it was found that the interface interaction was weaker where the 
PAA was previously adsorbed prior to immersion in the calcium bicarbonate (i.e. the 
crystals were easily removed from the substrate). On rigid substrates the crystals 
nucleated and grew uniformly. At higher concentrations of the P AA additive, more 
carboxylate anions were present in the solution and inhibited crystal growth.ItO llIl12At 
P AA concentrations of less than 5 x 10-3 wt%, thin films of calcium carbonate, with a 
main polymorph of calcite, have been observed on chitosan substrates.64 Similar 
results, i.e. thin films, were obtained with chitin and certain polypeptides as described 
in section 2.7. With 6-arninocaproic acid present as an additive in the crystallizing 
solution with the chitosan, the additive adsorbed onto the growing crystals therefore 
forming crystals with rounded edges. A higher crystal density was noted on the 
substrate where the additive was present in comparison to chitosan alone. l12 
In contrast, a poly( ethylene-co-acrylic acid) substrate which has carboxylic acid 
functional groups, rhombohedral calcite crystals are observed as with the chitosan 
surface. However in the presence of P AA, there is no interaction between the 
carboxylic acid groups of the additive and substrate, hence there is no crystallization.64 
o o 
n 
Figure 14:- Citosan 
D'Souza et aP13 took at di!ferent approach. Instead of testing substrates already 
produced to see which polymorph would grow on them, D'Souza specifically 
designed a surface to produce a certain polymorph of calcium carbonate. This was 
achieved by adsorbing functional monomers of 6-methacrylarnidohexanoic acid onto 
. a calcite surface followed by copolymerisation with divinylbeuzene as the cross-
linker. Once removed from the calcite, the polymer was left with the functional 
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groups on the, surface in the correct positions to be able to promote the nucleation of 
calcite in a supersaturated calcium carbonate solution. 
2.7.7 Other substrates 
A cholesterol (C27~sOH) substrate used with the constant composition method was 
shown to be a substrate onto which vaterite preferentially nucleated and subsequently 
transformed into calcite. On cholesterol gallstones all three crystalline polymorphs of 
, calcium carbonate have been observed.1I4 
, 2.8 Other factors effecting crystal nucleation and growth 
Additives in calcium carbonate precipitating solutions and substrates have the ability 
to control the growth of calcium carbonate. However other factors can influence'the 
precipitation of calcium carbonate in the absence of additives and substrates as 
discussed in chapter 1. When an additive is present in solution it may effect the degree 
of control of the substrate exerts over crystal nucleation and growth and vice versa. 
The pH of the system determines the concentrations of ionic species in the solution 
and the surface charge density on the substrate. This effects the interactions of the 
ions in solution and of the ions/ crystals with the stibstrate, therefore effecting crystal 
growth. The solution method (section 1.7.1) used to precipitate calcium carbonate can 
determine pH and there are ions other than Ca2+ and cot present. The ammonium 
carbonate method, for example, alters the pH due to the production of ammonia in the 
process and chlorine ions are present in solution from the CaCh. In addition the 
, concentration of calcium ions and carbonate ions in solution will affect the amount 
precipitated. 
Temperature is also an important factor. A higher temperature favours the 
precipitation of aragonite over calcite.J4 Higher or lower temperatures may also affect 
-48-
BACKGROUND AND THEORY Chapter 2: BIOMINERALIZATION 
the perfonnance of additives in solution. An example of this is that a PEO-block-
PMM copolymer can produce calcite crystals which have an elongated 
rhombohedral morphology at 20°C, but 'at .60°C they closely approach regular 
rhombohedral shapes.72 
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Chapter 3 SURFACE CHARACTERISATION 
TECHNIQUES 
3.1 Fourier Transform Infra-red Spectroscopy (FTIR) 
FTIR spectrometers use Michelson interferometers, a schematic of which is shown in 
figure 15. In the interferometer, a beam splitter divides the infrared radiation from a 
source into two paths, and towards two mirrors. One of the mirrors moves and the 
position is monitored using a laser. The other mirror is stationary. The mirrors reflect 
the infrared radiation back to the beam splitter, the beams are recombined and the 
radiation directed towards the sample. The distance between the moving mirror and 
the beam splitter varies, leading to differences in phase. which results in constructive 
and destructive interference. The interferogram is a measure of the intensity of the 
radiation as a function of moving mirror displacement. When a sample which absorbs 
infrared radiation is placed between the beam splitter and detector the interferogram is 
altered specifically, depending on the wavelengths absorbed. The Fourier transform is 
a mathematical operation used to convert the interferogram into an IR spectrum. 
FTIR spectrometers have two mam advantages over traditional dispersive IR 
spectrometers. Firstly they do not require dispersive elements and slits which are 
present in traditional spectrometers. The energy throughput of the FTIR spectrometer 
is therefore high (Jacquinott's advantage). When recording an FTIR spectrum the 
entire frequency range can be observed at any time (Fellget's advantage). Both these 
advantages decrease dramatically the time required to collect the spectral data. A 
signal to noise of 105:1 can be readily achieved. 
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Figure 15: Schematic of a Michelson interferometer. 
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3.1.2 Diffuse Reflectance Infra-red Fourier Transform (DRIFT) 
There are a variety of different FTIR techniques for analysing different materials . 
Diffuse reflectance is particularly useful for powder samples and is also used on solid 
surfaces. A schematic diagram of a diffuse reflectance sampling compartment is 
shown in figure 16. The narrow angular spread of the incident beam of infrared 
radiation is scattered and reflected by the rough surfaces of the powders, and beam 
widening occurs. This radiation is collected by an elliptical refocusing mirror and 
passed on to the detector. 
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Figure 16: Schematic of. DRIFT sampling chamber. 
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There are two distinct components to reflection from the samples. The first of these is 
the diffuse reflection. Some of the incident flux penetrates into the sample, a part of 
which returns to the surface after partial ahsorption and multiple scattering at the 
boundaries of individual particles'" There is also tbe specular reflection component 
which is due to reflection from the front surface of the sample only. For matt or 
powder surfaces usually used in DRIFT, the specular component should be small. 
Powdered samples are dispersed in a non-absorbing, but highly scattering matrix such 
as potassium bromide. Diluting the sample in this way maximises the contribution 
from radiation that has penetrated tbe sample.'16 The percentage of sample in the 
matrix depends on the type of material. The concentration should be chosen to give an 
absorbance below I to ensure that the response of the spectrometer remains linear. 
The effective penetration depth into the powdered sample is an important factor and is 
determined by the particle sizes of the matrix and analyte for a specific concentration 
of analyte and a given matrix'l7 A decrease in the particle size of the sample 
decreases the depth of penetration of the radiation and gives rise to more diffuse 
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refl ectance. Specular reflection is reduced for small particlesll5 A decrease in the 
particle size of the matrix results in stronger and sharper bands in the spectrum." ? 
For surfaces not in powder form, a thin layer of the powder used for the standard can 
be used to cover the surface. The thickness of the layer and particle size of the 
standard determines the enhancement of the surface species'l8 Another method is to 
use an abrasive silicon carbide disc to remove some of the surface material and then 
cover the di sc and material removed with a thin layer of potassium bromide." 6 
3.1.3 Theories of DRIFT 
For the quantitati ve treatment of DRIFT spectra, a number of theories have been 
proposed. These may be roughly separated into two groups; 
I . Continuum theory 
2. Statistical theory 
The theories that fall into the first category, vIew the sample powder as a 
homogeneous material. Phenomenological constants are used for the scattering and 
absorbing properties of the sample as a whole and the scattering from every other 
volume element is assumes to irradiate each volume' l8 The Kubelka-Munk theory is 
the most popular continuum theory used. In this theory, constants Sand K relate to the 
scattering and absorbing properties of the sample and the reflectivity is denoted R. R 
is determined by the va lues of two fluxes in the sample layer, l ex) and J(x) , as shown 
in equation 12. 
R = J(x) 
lex) 
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lex) is the radiation travelling into the bulk and J(x) is the radiation travelling back 
towards the surface. Furthermore, if the sample is assumed to be infinitely thick, edge 
effects may be neglected, liS the absolute reflecti vity of such a sample is denoted 
R(CXJ). The Kubelka-Munk equation is usually written in the following form : 
FCR )= KjI-RJ ' 
~ S 2R 
~ 
(13) 
The sample is usually dispersed in a suitable material which should for preference be 
non-absorbing and highly scattering. Under these conditions the ratio of the single 
beam reflectance spectra for sample and standard is determined, r~, as shown in the 
following equation: 
R oosnmplc 
r = --=""'--
00 R 00 standard 
(14) 
This value may be substituted into equation 13 in place of~. Idea lly the absorption 
of the standard should be zero, in which case r",,= ~ sample, however the best standards 
usually have a ~ value of about 0.98 to 0.99. There are limitations to the Kubelka-
Munk theory: strongly absorbing materials show deviations from the theory and it is 
not possible to determine absolute extinction coefficients from the reflection 
measurements. lIS 
For the statistical theory, a mathematical model is constructed, and the success of this 
theory is dependant on how appropriate the model is fo r a particular sample. This 
theory has the advantage over the continuum theory of being able to determine 
fundamental properties for scattering, such as particle size and refractive index, 
although this depends on the correlation of the model to the actual sample" · The 
assumption ofa uniform particle size is the most severe limiting factor of this method. 
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Despite the advantages of USing the stati sti ca l theory, it IS mathematicall y 
cumbersome and therefore not a popular approach. 
3.2 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy uses X-ray excitation to examine core energy 
levels. It is based on the process of the interaction of an X-ray photon with the sample 
and subsequent ejection of a photoelectron from inner sheLl s ( fi gure 17a). Provided 
the electrons in the sample have binding energies less than the energy of the X-rays 
used then photoemission will occur. An electron from a higher level fill s the vacancy 
le ft by the ejected photoelectron, and can lead to either X-ray fluorescence or Auger 
emission. Auger emission is a radiationless de-exci tation process involving 3 energy 
levels, an example of which is shown in figure 17b and corresponding equation 15. 
a) b) 
Auger electron 
•••••• 2p 1 L ... ... '" ...... 2p 2.3'" ... "' ...... 
'~y ."~ • / ."""'''' LI .. .. 25 • • 
, 
O. Is K • • 15 
Figure 17:- a) photoemission and b) Auger emission 
( 15) 
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KE is the kinetic energy of theKLIL2.3 Auger electron, BEK - BELl is the energy 
made available and BEL2.3 is the energy used in emission. The kinetic energy depends 
on the element and the energy levels involved. 
For photoemission, the kinetic energy of the photoelectron is again related to the 
binding energy. This relationship is shown in equation 16. KE is the kinetic energy of 
the photoelectron, hv is the energy of the X-ray photon and <p is the work function of 
the spectrometer. The latter two terms are already known and an energy analyser 
measures the kinetic energy experimentally, hence the binding energy (BE) can be 
determined. 
' .. 
KE=hv-BE-~ (16) 
Binding energies are characteristic of the element and the atomic level from which the 
photoelectron came; therefore characterisation of the elements present in a given 
sample is possible. There is a problem with insulating materials, such as marble, since 
they acquire a positive surface charge when subjected to bombardment with X-rays. 
This causes two general problems, peak broadening and shifting the spectrum on the 
energy scale caused by the emitted electrons losing kinetic energy.'" The shifting of 
the spectrum causes obvious problems with spectral analysis. There are several ways 
to overcome this problem. An easy and effective method is to energy reference using 
adventitious contamination. Carbon is most commonly detected as a contaminant, and 
the Is peak assigned a binding energy of284.6eV. 
3.2.1 Surface specificity 
XPS is a surface specific technique. The X-rays may penetrate many microns into the 
sample, however the photoelectron escape· depth is only 1-5nm. The attenuation 
length, A, is a measure of how far an electron may travel before losing e~ergy by 
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inelastic collision.'2• The attenuation length, A., may be calculated using equations 17 
to 19.121 
A. =538E·2 + 0.41 {a E)o.s monolayers (17) 
A. =2170E·2 +0.72 {aE)o.smonolayers .(18) 
(19) 
The attenuation length is related to the probability of photoelectron escape, given by 
equation 20. Where P is the escape probability and e is the take off angle. Rotating the 
sample before the XPS measurement changes the take off angle and effects the escape 
depth. 
p=exp (- ~ } A. smS (20) 
3.2.2 Quantification 
XPS may be used to quantify the elements present on a surface. Analysis and 
thickness of layers on a substrate may also be determined. The surface composition 
can be determined by measuring the intensities of the photoemission peaks. The 
intensity of the photoelectron peak (I) from a homogeneous sample is described in 
equation 21 
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I ex: nzO'yT(KE)D(Ep)A, (21) 
Where n is the number of atoms per unit volume, X. is the X-ray flux, 0' is the 
photoelectron cross section, y is the angular asymmetry parameter, T is' the 
transmission of the energy analyser, KE is the kinetic energy of the electron, D is the 
detector efficiency, Bp is the pass energy and').. is the attenuation length. 
(22) 
The relative sensitivity factor may be estimated by using calculated values based on 
semi-empirical, equations or determined experimentally by recording the spectrum 
from a sample with known surface composition. The atom percentage concentration 
can then be calculated using equation 23. 
. I J(RSF) Atom % concentration = i A xl 00 
I, J(RSF), 
, 
(23) 
Information on surface chemistry can be determined from high resolution, narrow 
, scan spectra. The binding energy of core levels is primarily dependent on the charge 
on the nucleus. However small shifts in binding energy are also caused by an increase 
in the formal oxidation number and!, or the electronegativity of attached groups or 
atoms. These shifts are known as chemical shifts and may be described by equation, 
24. 
(24) 
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Where the first half of the equation represents the charge on atom qi, and the second 
part allows for the charge on all other atoms ('!i) a distance dij away. The chemical 
shift allows the identification of the presence of different chemical species containing 
the same elements. The peak intensities may be measured using peak fitting software. 
3.3 Contact angle 
There are a number of ways of determining contact angles. Axisymmetric drop shape 
analysis-profile (ADSA-P)122 123, a term sometimes used to refer to techniques that use 
a side view of the surface and liquid, will be discussed here. Contact angles may be 
used to study the surface energy, adhesion and wettability of a solid. The surface free 
energy (Gs) is the reversible work done per unit area in the creation of a fresh surface. 
The surface free energy can be estimated from contact angle measurements of a drop 
ofliquid on a solid (figure Sa) using Young's equation (25). 
(25) 
The thermodynamic work of adhesion (Wad) is defined as the reversible work done in 
separation of unit area of interface between two materials. The Young-Dupre equation 
is formed from a combination of Young's equation and the Dupre equation and relates 
the contact angle, work of adhesion and surface energy. The equation may be used for 
a flat homogeneous surface, where there is only one contact angle (equilibrium 
contact angle), and with a low surface energy. 
(26) 
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Wad =GUl+cosO) (27) 
An approximate approach was described by Owens and Wendt 124 1lS, in which the 
work of adhesion was estimated using a geometric mean for each contribution 
(equation 28). The polar and dispersion contributions to the surface free energy may 
be determined by measuring the contact angles of two or more liquids with known 
polar and dispersion contributions to their surface energies and substituting the results 
into equation 29. 
2(0: O~r + 2(0; O~r = Wad = O~ (1+cosO) (29) 
3.3.1 Contact angle hysteresis 
Most surfaces are not ideal and therefore give a range of contact angles. Measurement 
of advancing and receding contact angles give the maximum and minimum angles. 
The difference between the two angles is the contact angle hysteresis. The two most 
common causes of contact angle hysteresis are surface roughness and chemical 
heterogeneity of the surface. The measurements of contact angles on these surfaces 
can be used give an indication of the roughness or heterogeneity. 126 
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3.3.2 The measurement of contact angles 
For the drop method, figure 18a), a drop of liquid with known surface energy is 
placed on the surface of a solid sample. More liquid is added to the drop so it is 
advanced along the surface. Once it has stopped advancing, the advancing contact 
angle may be measured. The receding angle is measured in a similar way except that 
some of the liquid is withdrawn so that the drop recedes along the surface. The 
advancing and receding angles can give useful information about surface roughness 
and heterogeneity, which may include the introduction of different functional groups 
onto a surface. It also gives useful information regarding the wettability and de-
wettability of a material. Sometimes an average of the advancing and receding angles 
is taken to find an estimated value for the equilibrium contact angle. 
Not all materials are suitable for use with the drop method. The captive bubble is a 
useful alternative. For the captive bubble method, the sample is immersed in the liquid 
and left to ensure the surface is totally hydrated. An air bubble is introduced beneath 
the surface that moves and attaches to the surface. Once attached the contact angle 
may be measured. Using this method, the true contact angle, e, is 1800 minus the 
angle the bubble makes with the solid as shown in figure 18b. 
I a) 
I AIR~ ~QU~ 
SOUD 
b) 
SOUD 
~ AIR ~LIQUID 
Figure 18: Two ADSA-P tecbniques to measure contact angle: a) drop metbod and b) captive 
bubble method. 
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3.4 Scanning Electron Microscopy (SEM) 
Scanning electron microscopy is useful for examining the surface topography of 
samples, and for the purpose of this research it is used in the examination of stone 
samples and the difference made by the consolidation procedure. Information on the 
elements present may also be determined with energy dispersive analysis of X-rays 
(EDAX). 
SEM uses electrons to form an image. A vacuum is therefore required so that 
electrons do not collide with the gas molecules in the air. Samples also need to be 
electrically conductive to prevent surface charging. A negatively charged surface will 
repel electrons in the incoming beam and distort the image.127 For insulating samples, 
it is usual to apply a thin layer of gold, using a sputter coater, to overcome this 
problem. 
A beam of electrons is produced by the electron gun. The electrons are accelerated 
towards the sample by using a positive electrical potential. The beam is focused and 
directed by magnetic lenses onto the sample. There are a large number of interactions 
which occur when the primary electrons come into contact with the surface of the 
sample. The signals emitted from a bulk sample in SEM are shown in figure 19. For 
thin samples, electrons may also be transmitted through the sample, although these are 
not analysed in SEM. The fine beam of electrons is scanned across the sample by the 
scanning coils. The secondary electron detector counts the number of this type of 
electrons from each point analysed on the sample surface. 127 
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Figure 19: Interactions of the electron beam with a sample and the signals present in the S EM. 
The backscattered electrons ari se fo ll owing e lasti c scattering (change of direction 
with negligible energy loss) of the primary electrons. However a substanti al number 
of backscattered electrons leave the surface of the sample and escape wi th reduced 
energy due to inelastic coll isions during the course of travel in the sample."" The 
production of secondary electrons is due to the interaction of an incident electron with 
one of the orb ital electrons. Some of the energy from the incident electron is 
transferred to the electron in the specimen atom, giving it enough energy to be ejected 
from its orbital. A secondary e lectron wi ll typicall y have an energy less or equa l to 
50eV. Secondary electrons may al so be generated by high-energy backscattered 
e lectTons in a sim ilar way. If the electron is near the surface and has energy greate r 
than that of the surface barrie r energy, it is highl y probable that it wi ll escape the 
sample. It is the backscattered and secondary electrons that are primari ly used to 
generate an image of the surface. '" t28 The other signals that a re usually detected are 
the X-rays. Their characteristic energy is used to provide chemical analysis. 
There are a number of factors which determine the vo lume in which the interactions 
shown in figure 19 occur in the sample' 29 
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I. Atomic number of the material! atoms present in the sample- an increase in the 
atomic number reduces the interaction volume. 
2. Accelerating vo ltage- the higher the voltage, the larger the interaction volume. 
3. Electron beam angle of incidence- the greater the angle, the smaller the 
interaction volume. 
The actual depth (range) and source size (spatial resolution) from which the various 
signals are emitted vary considerably. T he low energy secondary electrons have a 
small sampling vo lume, even though these electrons are produced in the entire 
primary electron di stribution volume. The escape probability for the secondary 
electrons produced from incident electrons is exp( -d/ A) where A. is the attenuation 
length of the secondary electrons and d is the depth. The maxi mum escape depth was 
determined as 5 A. The escape area on the surface, for the majority of secondary 
electrons, will have a radius that is 1J2 larger than the radius of the incident beam. 
The probability of escape for a backscattered electron al so decreases with increasing 
depth into the sample and the backscattered electrons are mainly emitted close to the 
surface. The escape vo lume is, however, larger than that of the secondary electrons 
and may be approx imated to the depth of complete diffusion Xd, a calculated val ue for 
a given specimen, as very few of the back scattered electrons penetrate further than 
this depth. X-rays are emitted from a much greater vo lume. The primary electron 
beam is scattered in a pear-shaped region of the sample. X-rays are produced in this 
region although the numbers which reach the surface wi ll depend on the energy of the 
X-rays produced and the average atomic we ight of the sample'" 127 Figure 20 
summarises the sampling volumes of these tluee main signals detected in SEM. 
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Figure 20: Sampling volumes of the secondary electrons, backscattered electrons and 
characteristic X-rays. 
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Chapter 4 EXPERIMENTAL 
4.1 Materials Used 
For the successful development of a consolidation technique, it was necessary to 
firstly characterise the materials to which the treatment would be applied. The 
information gained on the surface and bulk properties have an influence over the 
method of consolidation. Non-weathered samples were also examined for comparison. 
The stone sam pies used in this work were 
I. Non-weathered Carrara marble 
2. Non-weathered Carrara marble abraded using a silicon carbide disc. 
3. Pietra di Leece limestone artificially weathered by cyclic thermal shock (8 
cycles of I hour at 200°C then I hour at room temperature)"· (ICVBC, 
Florence, Italy) 
4. Gioia marble artificially weathered by cyclic thermal shock (8 cycles of I hour 
at 200°C then J hour at room temperature). (ICYBC, Florence, Italy) 
Non-weathered Carrara marble samples were also coated usmg the procedure 
described in section 4.2. 
Powdered calcium carbonate samples were analysed for potential use m the 
consolidation procedure. These samples are shown in table J. 
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Calcium carbonate Supplier 
sample 
Fordacal 30 (F30) Fordamin 
Fordacal 300 (F300) Fordamin 
Fordacal 458 (F458) Fordamin 
V3 Solvay 
VI Solvay 
Winnofil (Precipitated Solvay 
calcium carbonate In 
water) 
Table 1:- Powdered calcium carbonate samples 
For the last sample, the water was removed and the solid calcium carbonate dried in 
an oven before use. 
4.2 Coating of marble samples 
All non-weathered marble samples were cut to size using a minicraft drill with a 
diamond edged saw wheel and abraded using a si licon carbide disc. Samples were cut 
to approx 10mm X 10mm x 4mm for all S02 experiments and approx 15 x 10 x 4mm 
for crystallization and adsorbed layer experiments. 
Adsorbed layers were applied by immersion of a sample in the appropriate solution 
(l5ml) for a specific time. The sample was then removed, immersed in di still ed water 
to remove any excess and placed in a dessicator overnight to dry. The specific 
solutions and times are described in tbe results and discussion section. 
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4.3 Surface analysis 
X-ray photoelectron spectroscopy (XPS) was used to characterise the surface species 
present on all samples. Diffuse reflectance Fourier transform infrared (DRIFT) was 
also used for the powder samples. Contact angle measurements were taken on the 
stone samples using the captive bubble technique. 
4.3.1 XPS 
XPS was performed on a VG ESCALAB MIc I spectrometer USIng a non-
monochromatised Al-Ku x-ray source (energy = 1486.6eV) at a pressure of about 10-7 
mbar. An x-ray power source of200W (IOkV, 20mA) was used to record a ll spectra 
in the constant analyser energy mode. Broad scan spectra were collected using a 
circular aperture of 4mm diameter and an analyser pass energy of 100eV. High 
resolution spectra were obtained using a 3mm wide and J Omm long slit aperture with 
an analyser pass energy of 20eV. A take-off angle of 90° with respect to all samples 
was used. 
Quantification of the surface elemental composition was achieved by measuring the 
peak areas after applying a Savitsky Golay convolutional smoothing routine to the 
spectrum. Corrections were made for the transmission of the energy analyser, the 
energy dependence of the inelastic mean free path, the angular asymmetry parameter 
and also the photoelectron cross section'JI The measured binding energies were 
referenced to Ca (2p) at 346.8eV. 
Peak fitting of the high resolution spectra was performed using Kwok XPSPEAK41 
software. 
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4.3.2 DRIFT 
DRIFT was performed using a Nicolet 20 DXC spectrometer with a Spectratech 
diffuse reflectance attachment. The detector was a liquid nitrogen cooled MCT 
(mercury-cadmiwn-telluride) detector. The optical bench was controlled using Omnic 
version 1.2 software, which was also used to analyse the spectra. 
KBr (99+%, FTIR grade, Aldrich) was ground using an electrical grinder for 2 X 
10secs. Each powdered sample was dispersed in the ground KBr, at a loading of 1% 
or 2.5% by weight. The samples in KBr were then shaken using a mechanical shaker 
for 30 minutes to achieve maximwn di spersion. The spectrometer was purged with 
dry air to reduce the amount of water vapour. Each sample was scanned 200 times and 
the spectrwn ratioed automatically against a background spectrum ofKBr, which was 
recorded prior to the sample spectra. The remaining peaks due to water vapour were 
removed, as far as possible, by subtraction. 
4.3.3 Surface tension 
Double distilled water, used for the contact angle measurements, was prepared using a 
still. The surface tension of the water was measured at room temperature using a 
Kriiss digital tensiometer K lOT. The ring used in the measurements was cleaned in a 
blue flame before each measurement. Details of the calculation may be found in 
appendix I. 
4.3.4 Contact angle 
Contact angle measurements were made on weathered and non-weathered, coated and 
abraded samples using the captive bubble measurement due to the porous nature of 
the stone. Distilled water was the liquid used in all measurements. 
69 
Experimental Chapter 4: EXPERIMENTAL 
4.3.4.2 Captive bubble measurements 
The glass apparatus used was cleaned in chromic acid and washed in di still ed water. 
The stone sample was immersed in di stilled water resting on two glass arches. An air 
bubble was placed on the underside of the sample by means of a syringe, as shown in 
figure 21. An image of the bubble on the stone in di stilled water was measured using 
the apparatus shown in figure 22. 
•• mple~ 1---r------- '"rlnge 
l...-
.. u .... le 
L 1-
gl .... !che. 
Figure 21: Apparatus used to place a bubble on the sample surface in dist illed water for contact 
angle measurement. 
Pictures were taken in several different lighti ng situations to find which would give 
the best measurement of the bubbles. Due to the lens set up, the pictures were 
inverted. Some of these are shown in figures 23 to 26. The angle the bubble made 
with the sample surface was measured using in house software. The bubble sizes were 
determined by taking a photograph of a 10mm graticule using the contact angle 
apparatus, calculating the magnification and hence finding the bubble diameter or 
radius. 
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Figure 22: Contact angle apparatus used to take photographs of captive bubble contact angles. 
Figure 23: Captive bubble contact angle taken without magenta filter with most stray light 
excluded from the sample chamber. 
Photographs taken in the absence of the magenta filter showed a significant variation 
in background colour close to the sample and less significantly at the bubble-water 
interface. This makes determination of the exact position of the interface more 
difficult. The visible spectrum may be divided into blue, green and red. The shorter 
wavelengths are scattered more and causes the appearance of haze. Magenta is a 
primary subtractive colour. The introduction of a magenta filter can be used to 
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eliminate the green light, but sti ll let through the red and blue light. The software may 
then be used to eliminate the blue light through selection of specific wavelengths. The 
resu lting red background shows a significant reduction in light scattering when 
compared to a polychromatic background. 
Figure 24: Captive bubble contact angle taken with magenta filter with most stray light excluded 
from the sample chamber. 
Figure 25: Captive bubble contact angle taken with mageuta filter in the light. 
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Figure 26: Captive bubble contact angle taken with mageuta lilter with a ll stray light excluded 
from the sample chamber. 
Increasing the amount of stray light into the sample chamber increases reflections in 
the bubble and reintroduces the colour variations, which cause problems with contact 
angle measurement. By excluding all stray light while taking a photograph of the 
captive bubble we achieve an image of the bubble and surface as a black shadow 
against a bright background. 
4.3.5 Topographical and bulk analysis 
The physical properties of the surface and bulk of the stone samples were determined 
by scanning electron microscopy (SEM) and mercury porosimetry. A Malvern 
Mastersizer was used for analysis of the particle size distribution of the powders. 
Powder x-ray diffraction (XRPD) was also used for particle size measurement. The 
samples for XRPD were run by Mrs P. King. 
4.3.5.1 SEM 
Surfaces of all the stone samples were analysed USing SEM over a range of 
magnifications. As the samples are non-conductive, all were coated with a thin layer 
of gold beforehand. This reduces surface charging. SEM and energy di spersive 
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analysis of x-rays were run using a Cambridge 360 SEM by Mr F. Page and Dr J .. 
Bates, IPTME, Loughborough University. 
4.3.5.2 Mercury porosimetry 
Mercuiy porosimetry on the weathered stone samples was performed by the ICVBC, 
Florence, Italy. 
4.3.5.3 Particle size distribution measurement 
Particle size distributions of calcium carbonate powders were measured using a 
Malvern Mastersizer S, which measures particle size using a laser diffraction 
technique. Samples were dispersed in distilled water and stirred well using a magnetic 
stirrer before adding dropwise to the sample chamber containing more distilled water 
until the obscurity was about 17% .. The optical properties of the material were 
selected. The particle sizes were then measured against a background of distilled 
water. After each measurement, the chamber was washed 3 times using distilled 
water. 
4.4 Crystal Growth 
The consolidation technique for calcareous stone is to be based on a biomediated . 
method of growing. calcium carbonate in the pores of the weathered stone. A key 
factor is therefore the control over the growth of crystals in the pores of the material 
to be treated. Due to the difficulty in examining crystal growth in pores of these 
samples crystals were grown on the surface of stone, under different conditions, to 
give an indication to the type of growth that could be expected in the pores. This also 
has the advantage of allowing easier determination of whether the crystals are actually 
bound to the surface. The surfaces used were the abraded non-weathered Carrara 
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marble, artificially weathered Giola marble and glass cover slips (18x24xO.13-
0.17mm) (BDH). Three main methods of producing the crystals were examined and 
compared. 
4.4.1 Ammonium carbonate method 
15 cm3 of 7.5 mM calcium chloride (calcium chloride dihydrate, 99+%, A.C.S. 
reagent, Aldrich) was pipetted over an abraded non-weathered marble sample in a 
beaker. The top of the beaker was covered with foil. The beaker was placed in a 
dessicator with 4 sample tubes each containing approximately 1 g of solid ammonium 
carbonate (A.C.S. reagent, Aldrich), similarly covered with foil. A single needle hole 
was made in the foil of each container and the dessicator left at room temperature for 
3 days. There was slow diffusion of the decomposition products through the holes in 
the foil. The ammonia caused an increase in the pH of the calcium chloride solution 
and the carbon dioxide reacted with the calcium ions to produce calcium carbonate. 
After 3 days, the stone sample was removed from the beaker, washed using distilled 
water and placed in a dessicator to dry. Fresh ammonium carbonate was used for each 
experiment. 
Changes to the calcium chloride solution were made for many of the experiments 
through the addition of additives. PolY"L-aspartic acid (sodium salt, 5,000 to 15,000g 
mor\ Sigma biochemicals and reagents) or OMM (Weizmann Institute, Israel) were 
added at different concentrations to the calcium chloride solution prior to exposure to 
the ammonium carbonate so the . crystals grew in the presence of these 
macromolecules. In some cases, the stone samples were already coated with either 
po\y(aspartic acid), aspartic acid or OMM in the same way as described in chapter 4. 
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4.4.2 Calcium bicarbonate method 
A supersaturated calcium bicarbonate solution was prepared by firstly bubbling 
carbon dioxide (carbon dioxide vapour withdrawal with a heated cylinder head, BOC) 
through 200ml of calcium carbonate suspension (uncoated winnofil magma, Solvay) 
in a Dreshel flask for 1 hour. The suspension was then filtered by suction filtration 
using two no. 6 filter papers (Whatman). Carbon dioxide was then bubbled through 
the solution for a further 30 minutes. In both cases the rate of flow of carbon dioxide 
was approximately 3 dm3 min·\ throughout, monitored using a GPC L6X flow meter 
(Meterate). Varying concentrations of the supersaturated solution were prepared by 
using different ratios of solid to distilled water, and varying the time of bubbling 
carbon dioxide through the suspension in the first instance. 
The solid content was measured gravimetrically by weighing out varying amounts of 
the suspension and drying them in an oven until only the solid calcium carbonate 
remained. The containers were then reweighed and the solid content calculated from 
the results. The calcium ion concentration was measured by titration. 12.5ml of the 
calcium bicarbonate solution containing Iml of pH 10 buffer and 0.5ml of O.IM Mg-
EDTA (ethylene triaminetetraaceitic acid magnesium disodium salt hydrate, Aldrich) 
were titrated against O.OIM EDTA (ethylene triaminetetraaceitic acid disodium salt 
dihydrate, 99+%, A.C.S. reagent, Aldrich). Eriochrome black T was used as the 
indicator. I3Z 
Additives were added to the solution in one of two ways. In some cases they were 
added directly to the supersaturated calcium bicarbonate solution. The other method 
required dissolving macromolecules in calcium chloride solution then adding a small 
proportion of this solution to the supersaturated calcium bicarbonate, For example a 
solution consisting of 10% Img/l00ml poly(aspartic acid) in 7.5mM CaCh solution 
and 90% supersaturated calcium bicarbonate solution. The purpose of using this 
method of adding macromolecules to the crystallising solution was to carry out more 
crystal growth experiments without using more macromolecules than was needed to 
produce the correct solution concentrations. This was especially important for the 
OMM where only a limited amount was supplied. The additives used in these 
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experiments were polY-L-aspartic acid, OMM, poly(acrylic acid) (av. ca. 2,000 g mor! 
(GPC), Aldrich) and poly(methacrylic acid) (polysciences Ltd.). 
Glass cover slips, marble samples or marble samples coated with OMMl poly(aspartic 
acid) were immersed in 15ml of the calcium bicarbonate solution, in the presence or 
absence of additives, in a 100ml beaker. The top of the beaker was covered with foil 
with a small needle hole. This was left on a temperature controlled ceramic plate. 
Unless otherwise stated, the. temperature was set to 25°C. After 3 days, the sample 
was removed, washed using distilled water and placed in a dessicator to dry. 
4.4.3 Experiments with silk 
Silk solutions were prepared by cutting a silk cocoon (lCVBC) into approximately 
5mm x 5mm pieces after removal of the chrysalide. These were placed in a beaker 
with 100ml of distilled water. This was boiled for 2 hours with constant stirring and 
changes of distilled water every 30 minutes to remove the sericin from the fibroin. 
The remaining silk was then dried in an oven, at less than 40°C, overnight. 
Approximately 0.25g of silk fibroin was weighed out and added to a conical flask. 
15ml of9.3M lithium bromide solution (lithium bromide, 99+%, AJdrich) was added 
to the silk and the top of the container was covered with foil. The silk in LiBr was 
subsequently mixed in a rotary shaker at 40°C and 200 rpm overnight. The contents of 
the conical flask were poured into visking tubing (Dialysis tubing- visking size 10, 
12,000 to 14,000 g mOri, Merck), which was then clamped at either end and 
imm~rsed in a beaker containing approximately 330m1 of distilled water. The silk 
solution was dialyzed against distilled water for 3 days with one change of distilled 
. water after 1 to 2 days.t33 The resulting solution was made up to 300ml with distilled 
water, to give a total concentration of 250mg/300ml silk, and poured over an 
artificially weathered marble sample (100 x 50 x 50mm) in a beaker. It was left 
overnight after which the marble was removed and immersed in 150ml of 80% 
methanol for 3.5 hours. The sample was then removed from the methanol and left to 
dry. 
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Once dry, the weathered marble block was immersed in 150rnl of either ImgllOOml 
poly(aspartic acid) or OMM in 7.5mM CaCh for 15 hours. Afterwards it was washed 
by immersion in 150ml of distilled water for 24 hours. Either the ammonium 
carbonate or calcium bicarbonate methods· were then used to produce the calcium 
carbonate crystals as outlined previously. 
For all the methods, the glassware was cleaned before each experiment using nitric 
acid (Fisher), rinsed with water, washed using detergent solution followed by further 
rinsing with water, and finally rinsed with distilled water. 
An optical microscope (Spectra Tech) with an attached camera was used to take 
. pictures of the crystals grown on glass cover slips. The size of the crystals was 
determined from the pictures by taking a photograph of a graticuie under the same 
conditions. 
4.5. Reaction with 502 
Both marble and powdered samples were reacted with S02 in humid conditions. The· 
aim of this work was to assess the effect ofadsorbed poly(aspartic acid) and OMM on 
the degradation of the conserved marble. This was achieved using the apparatus in 
figure 27. 
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The temperature was set to 30°C. The air (BOC) was humidified by bubbling it 
through distilled water in two Dreshler bottles. Metal frits were used to introduce the 
air into the water so as to create smaller bubbles therefore saturating the air flow more 
quickly. liS The humid air was mixed with dry air in a mixing chamber so as to control 
the humidity, which was subsequently measured using a hygrometer. The humid air 
was then mixed with S02 (0.2% sulfur dioxide and 21 % oxygen in nitrogen, Air 
Products) in a second mixing chamber before it was flowed through a flow meter and 
into the flow cell where it reacted wi th the sample(s). All flow meter and humidity 
readings were checked regularly throughout the reaction. Where samples were reacted 
for varying times, all the sample(s) were placed in the flow cell at the start of the 
reaction and a sample removed at the required times, so subjecting the samples to the 
same conditions wherever possible. 
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4.6 Development and testing of a consolidation method 
From the results discussed in chapters 5 and 6, a method was produced for a 
consolidation technique based on the biomediated growth of calcium carbonate that 
was believed to give the optimum results. It was vital that this was tested before use 
on a statue or monument. It was attempted to determine to what extent the treatment 
could consolidate the weathered stone and the improvement, if any, in cohesion. 
4.6.1 Alizarin Red 
Alizarin red was used to give an estimate to the depth to which the treatment would be 
effected . 0.025M Alizarin red so lution (Alizarin red S monohydrate, Aldrich) was 
used to stain both abraded non-weathered Carrara marble and artificially weathered 
Giola marble samples. Samples were stained by immersion or sprayi ng. In the case of 
the former, a stone sample was immersed so it was completely covered in the solution 
fo r 24 hours, after which it was removed and allowed to dry. The other samples were 
sprayed using the alizarin red solution using air (5 psi) . The surface was allowed to 
dry before repeating the sprayi ng. Thi s was repeated numerous times. When the 
samples were dry, they were cut using a chisel, in the case of the weathered marble, or 
a diamond edged saw wheel and the depth the stain penetrated into the sample was 
measured. 
4.6.2 Application of treatment to weathered samples 
Small , artificially weathered samples were sprayed with a fine spray of the 
appropri ate so lutions! suspensions using an airbrush (Badger IABAC) with an air 
cylinder (5 psi). 1 spray consisted of the sample being sprayed until it absorbed no 
more water. The samples were sprayed using the following 
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1. Supersaturated calcium bicarbonate solution containing poly(aspartic acid) or 
OMM's where the additives were in high concentrations (40mg/l00ml) to coat 
the pores of the samples. 
2. Supersaturated calcium bicarbonate solution containing poly(aspartic acid) or 
OMM's where the additives were in low concentrations (0.lrng/l00mJ) In 
order to control the growth of calcium carbonate crystals inside the pores. 
3. Nanoparticies of calcium carbonate in supersaturated calcium bicarbonate 
solution. 
The supersaturated calcium bicarbonate solution was prepared as described in section 
5.2. The additives were once again either added directly to the supersaturated calcium 
bicarbonate solution and diluted using more supersaturated calcium bicarbonate 
solution to obtain the desired concentration or the macromolecules were di ssolved in 
calcium chloride solution then added in a small proportion to the supersaturated 
calcium bicarbonate. Calcium bicarbonate solutions, where the calciwn carbonate 
nanoparticles were present, were prepared by adding 2g U3 to disti lled water and 
placing it in an ultrasonic bath for 15 minutes. More di sti lled water was then added 
until the final vo lwne of water added was 200ml. Carbon dioxide was bubbled 
through the suspension for a period of 1.5 hours. This was then sprayed directly onto 
the sample. 
Steps I to 3 were all investigated separately and in combination to devise an optimwn 
treatment. Comparisons were made with weathered samples sprayed with only 
supersaturated calcium bicarbonate solution. Samples were sprayed with varying 
amounts of each solution! suspension, up to 10 sprays for each application of 1,2 or 3. 
4.6.3 Adhesive tape peel tests 
Adhesive tape (sellotape) and a piece of coloured card were weighed. The side of the 
stone sample to be examined was put in contact with the adhesive side of the tape 
which was on a foam surface. A weight of 400g was applied to the other side of the 
sample for a period of 30 seconds. The foam was used to ensure good contact between 
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the surface of the stone and the tape. The card tape and solid were then weighed to 
determine the amount of solid removed. Calculations were made to determine the 
amount of solid removed per unit surface area, so an accurate comparison could be 
made between the different samples. 
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Chapter 5 CHARACTERISATION 
5.1 Calcium carbonate powders 
A range of powdered calci urn carbonate samples, of different particle sizes, were 
examined for their potential use in the consolidation, using a variety of techniques. 
5.1.1 XRPD data 
Powder X-ray diffraction patterns were obtained for the six calcium carbonate 
samples. In all cases, the diffraction pattern confirmed calcite to be the only 
polymorph. In the case of the Fordacal samples there was a small additional peak due 
additional species in the ca lcite (see section 5.2). 
50 55 60 
Figure 28: Powder XRPD pattern of calcite. 
As the particle size decreases, there are fewer parallel diffraction planes and hence the 
reflections broaden. This may be clearly observed by comparison of the main peak, at 
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an approximate 29 value of 29, in the pattern fo r the samples examined as shown in 
figure29. 
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Figure 29: Comparison of the main peak in the XRO pattern for different calcium carbonate 
samples. 
5.1.2 Particle size distribution 
A Malvern Mastersizer laser diffraction particle slzer was used to determine the 
distribution of particle sizes fo r the Fordacal samples. As laser diffraction particle 
sizers have some difficulties in measuring submicrometre particles, it was not possible 
to obtain accurate data fo r the other samples. 
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Figure 30: Particle size distribut ions of Fordacal samples 
Calcium carbonate sample Average (mode) particle Surface area (m /g) 
diameter ()lm) (to 3 s.f.) 
Fordacal 300 17.3 0.128 
Fordacal458 14.7 0.151 
Fordacal30 8.64 0.256 
Win"4 0. 11 20.0 
U I 0.08 13l 27.7 
U3 0.02 I 11 
Table 2: Particle size and surface area data for calcium carbonate powders 
Where the surface area was not determined from the particle sizer, the surface area 
was calculated using equation 30 
Surface area = 3/ap (30) 
where a is the particle radius and p is the density, which is taken to be 2710 kg m-3 for 
calcite. The particle size data for U I and U3 were obtained from the manufacturer. 
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5.1.3 DRIFT data 
The different calcium carbonate polymorphs exhibit peaks at different infra·red 
frequencies as shown in the fo llowing table. 
F undamenta l frequencies (cm-I) 
Source of data Polymorpb vI(AI' ) V2 (A2" ) V3 (E' ) V4 (E' ) 
Nakamoto' 36 Calcite 879 1429-1492 706 
Sterzel1J7 Calcite 877 1419 713 
Sterzel1J7 Aragonite 1083 857 1489; 1511 713; 700 
Sterzel1J7 Vaterite 1089 877 -1450 744 
Smith'" 877 1463 
Andersen 13' Calcite 713 
Andersen '" Vaterite 746 
Experimental (Fordacal 30) 879 1444 713 
Experimental (Fordacal 458) 878 1444 714 
Experimental (Fordacal 300) 878 1442 714 
Experimental (Win) 876 1459 714 
Experimental (UI) 873 1483 713 
Experimental (U3) 876 1481 713 
Table 3: The fundamental frequencies of CaCO, from the literature compared to the values 
obtained in this work. 
The free carbonate ions in calcite belong to the D3h space group which predicts that 
there are three fundamental frequencies in the IR spectrum. The V3 fundamental 
frequency is the maximum of an intense broad band from about 1350- 1650cm- l . 
Aragonite and vaterite have lower symmetries, hence an additional fundamental 
frequency is observed. IJ7 140 From the information in the above table, all the calcium 
carbonate samples are calcite, confirming the information from the XRD patterns. 
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In addition to the fundamenta l frequencies , calcite also has maxima at 2980, 2960(sh) 
and 2870cm - I which are first overtone (2 v)) bands derived from fundamenta l 
stretching (v)) vibration of carbonate ions in the bulk calcite structure. There is also a 
maximum at I 790cm· l , a (VI +V2) combination band for bulk calcite.'" The maxima at 
2984, 2875 and I 796cm-1 in the spectrum show thi s is a lso in fairly good agreement 
with the literature. 
It was noted that the DRIFT spectra of the different samples had different peak 
intensities. The areas ofa weak peak (at approx 2800-3050cm-l ) and a strong peak (at 
approx 880cm-I ) , peaks a and b respectively, were measured and the average ratio 
calculated for each particle size. The ratio varies slowly with diameter for samples 
with a large particle size as expected. For smaller particles, the ratio increases due to 
the greater penetration depth of the longer wavelength radiation. 
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Figure 31:- Peak area ratio of a weak and strong pc.1 k in the DRIFT spectrum versus particle 
size. 
5.2 XPS 
The XPS spectra of all the samples have peaks corresponding to calcium, carbon and 
oxygen as expected. The Fordacal and Winnofil samples also exhibit magnesium 
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peaks. The magnesium detected in the XPS spectra of the Fordacal samples may 
account for the additional peak observed in the XRPD patterns (section 5.1.1 ). There 
was no indication that magnesium was present from the DRIFT spectra. Usually a 
shift of the 713cm -I peak to a higher wavenumber is observed if this is the case. This 
may be because the magnesium is only present at the surface, therefore more easily 
observed in XPS. This is plausible as magnesium is a surface segregant. 
Sa mple Atom percentage concentration 
C (Is) Mg Ca (2p) o (Is) 
(Auger) 
F30 35 .1 2.4 17.0 45.5 
F45B 34.9 4.7 16.9 43.4 
F300 36.9 4.0 16.4 42.6 
Win 23.6 1.6 18.7 56.0 
U3 28.8 <0.1 17.9 53 .2 
Table 4: XPS results of powdered calcium carbonate samples. 
5.2.1 Stone samples 
CC ls), Ca (2s and 2p) and O(ls) peaks were observed in the XPS spectra of the 
surfaces of the non-weathered Carrara marble (in some cases a small amount of 
magnesium was also observed in the non-weathered marble spectra). This is as 
expected. Some of the carbon shown in the spectra is due to adventitious carbon. The 
binding energies are charge referenced relative to Ca (2p) at 346.8eV. 
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Figure 32: XPS spectrum of abraded marble 
Peak Charge Atom 
referenced percentage 
binding composition 
energy (eV) 
C (Is) 288.4 32.4 
Mg(Auger) 1.2 
Ca (2p) 346.8 16.9 
Ca (25) 347.6 
0(15) 530.4 45.9 
Table 5: Ta ble of results fo r the XPS spectrulll of abraded marble in figure 32. 
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Figure 33: XPS spectrum of abraded marble, high resolution C l s pea k. 
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The high resol ution carbon I s peak was fitted using the XPSPEAK4 1 program. In this 
case, peak 0 represents adventitious carbon on the surface and peak I represents the 
carbon due to carbonate. The light blue line shows a good overall fit to the raw data 
and therefore a reliable value for the proportion of C due to carbonate can be 
obtained. The area of this peak is 55% of the overa ll peak area, which impl ies carbon 
as carbonate has a concentration of 17.8 atom %. From this information and the data 
from the broad scan spectrum, an accurate ratio of the elements present at the surface 
of the marble sample was determined as 1:0.985 :2.73 fo r M (Mg and Ca percentages 
combined):C:O, which is an approxi mate ratio of the elements in calcium carbonate. 
Occasionally there was also a small amount of carboxylic acid groups in the 
adventitious carbon and therefore a th ird peak (peak 2) was used in the peak fitting of 
the high resolution C ( I s) spectrum (figure 34). T his may affect the results slightly for 
the marble samples with adsorbed poly(aspartic acid) as they also have acid groups. 
Hence the amount of po ly(aspartic acid) on the marble would be slightly 
overestimated. 
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F igure 34: XPS spectrum of abraded marble, high resolution Cls peak. 
The XPS spectrum of the artificia ll y weathered samples also showed the expected 
CCls), Ca (2s and 2p) and O(ls) peaks. The spectrum of the weathered marble also 
contained some silicon, sui fur and ch lorine. These additional contaminants only 
constitute about 2.6% of the surface. There also appeared to be a significant 
proportion of adventitious carbon on the surface of both the marble and the limestone 
from a comparison of the percentages of calcium and carbon on each sample. 
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Figure 35: XPS spectrum of artificially weathered Pietr. di Lecce Iimest one. 
Peak Charge Atom 
referenced percentage 
hinding composition 
energy (eV) 
C ( Is) 284.4 36.9 
Ca (2p) 346.8 13 
Ca (2s) 438.8 
o ( Is) 530.9 50.2 
Table 6: Table of results for the XPS spectrum of artificially weathered Pietra di Lecce limestone 
in figure 35. Peaks are charge referenced to Ca (2p). 
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f igure 36: XPS spectrum of a rtificially weathered Gioi. marble. 
Pea k Cbarge Atom 
referenced percentage 
binding composition 
energy (eV) 
Si (2p) 99.8 1.1 
Si (2s) 153.6 
S (2p) 168.8 0.9 
Cl (2p) 198.8 0.6 
C ( Is) 284.6 46.8 
Mg (A uger) J.3 
Ca (2p) 346.8 9.7 
Ca (2s) 438.4 
o ( Is) 53 1.2 39.5 
Table 7: Ta ble of results for the XPS spectrum of artificially weathered Gioia marble in figure 
36. Peaks a re charge referenced to Ca (2p). 
The poros ity data of the two weathered samples were measured in the leVEC in 
Florence, Italy using mercury porosimetry. The total porosity of the marble was 3.5% 
- 93 -
RESULTS AND DISCUSSION Chapter 5: CHARACTERISATION 
and 36.2% for the limestone, however the marble sample had more pores of larger 
radii . 
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Figure 37: Pore size distribution of a rtificially weathered Gioia marble. 
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Figure 38: Pore size distribution of artificially weathered Pietra di Lecce limestone. 
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5.3 SEM 
The SEM picture of the non-weathered marble sample does not show any cracks in 
the surface. In contrast, the surface of the weathered marble sample block showed 
cracks in the surface. Cutting the block revealed a surface with a sugary texture where 
so lid was easi ly removed. The SEM micrograph of this surface showed gaps around 
the crystallites (figure 41). 
Figure 39: SEM micrograph of the surface of non-weathered marble. 
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Figure 40: SEM micrograph of tbe surface of artificially weathered marble. 
Figure 41: SEM micrograph of a freshly cut surface of artificially weathered marble. 
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Figure 42: SEM micrograph or the surrace or weathered limestone 
5.4 Adsorbed layers 
Poly(aspartic acid) was adsorbed onto abraded, non-weathered marble samples. XPS 
spectra of the marble with the adsorbed layer exhibited an additional peak due to 
N(1 s) in all cases. 
3500 
3000 
2500 
:I 2000 
e 
~ 
0 
u t500 
tOOO 
500 
0 
0 100 200 300 400 500 600 700 800 
BE leV) 
Figure 43: XPS spect rum or abraded marble coated with poly(aspartic acid). 
- 97-
900 
RESULTS AND DISCUSSION Chapter 5: CHARACTERISATION 
After 3 days of immersion in these solutions of varymg concentrations of 
poly(aspartic acid) and subsequent washing with distilled water, the XPS spectra were 
recorded. 
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Figure 44: Percentage nitrogen in XPS spectrum vs solution concentration 
The graph in figure 44 would suggest that the amount of poly(aspartic acid) adsorbed 
on the surface does not change substantially with concentration. 
The thickness of the layer may be detennined from the high resolution Cl speak. 
From the high resolution spectra of the non-weathered marble, it is already known 
that adventitious carbon based contamination wi ll be present on the surface. ff the 
structure of aspartic acid and poly(aspartic acid) is examined, a model can be 
constructed of the peaks that should be observed in the XPS spectrum and their 
expected relative positions and intensities. This is possible because the binding energy 
of the carbon Is electrons increase with the electronegativity of the attached atoms or 
groups. Inputting this information into XPSPEAK 41 should therefore give a better fit 
of the raw data and give the information required to calculate the thickness of the 
poly(aspartic acid) layer on the marble substrate. 
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5.4.1 Peaks in C1 s spectrum of poly(aspartic acid) on marble 
Aspartic acid has the followi ng structure 
o 
OH 
HO 
Figure 45: Aspartic acid 
In the polymer repeat units are linked by peptide groups. 
R 0 R o 
I I 
H N--C--C--N--C--C - - OH 
2 I I 
H H H 
R = CH2COOH for poly(aspartic acid) 
Figure 46: A peptide group joining two amino acids 
It is expected that a peak representing adventitious carbon (peak 0) will be present at 
the lowest binding energy. The carbon atoms in the different chemical environments 
in the poly(asparti c acid) will have higher binding energies. Using the numbers 
labell ing the atoms in the aspartic acid diagram (figure 45), one of the COOH groups 
will be used in forming the dipeptide bond and the other will form the carboxylic acid 
salt wi th sodium (as the sodium salt of poIY-L-aspartic acid has been used). These 
groups wi ll have the largest and similar increases in binding energy, fo r the peaks due 
to the poly(asparti c acid), and therefore the peaks from 3 and 4 can be counted as one 
peak. 2 will have the next largest binding energy as it is attached to NH in the peptide 
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group, while I will cause the smallest shift in binding energy. The peak from 3 and 4 
wi 11 be twice as large as the other two peaks as it represents twice as many carbon 
atoms. Peaks I and 2 will be expected to have the same area, as their ratio is 1: 1 in the 
polymer. I has a fixed position at a binding energy Df O.4e V higher than the organic C 
as a secondary C Is chemical shift relative to a saturated hydrocarbon is approximately 
O.4eV'" The width at half height for peaks representing 0 to 4 is assumed to be the 
same, as is the peak shape for all the peaks associated with the poly(aspartic acid). A 
peak for the carbon in carbonate (peak 5), in the marble substrate, will again be 
present at the highest binding energy. 
5.4.2 Curve fitting to determine the amount of poly(aspartic 
acid) 
Imposing the restrictions (section 5.4. 1) on the peaks added to the high resolution 
CC ls) spectra of the coated marble samples produced excellent fits showing that the 
poly(aspartic acid) is indeed present on the surface of the marble (see figure 47). This 
approach is referred tD as model I. 
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Figure 47: Peak fitt ed high resolution carbon (Is) spectrum of marble coated using a IOmgllOOml 
poly(aspartic acid) solution with model I. 
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Model 1 was tested in two ways. Fi rstly the percentage of carbonate from the pe ak 
ge 
the 
he 
fitting was determined. This percentage of the overall CC I s) peak and the percenta 
of carbon calculated from the broad scan spectrum was then used to detennine 
overall percentage carbon due to carbonate in relation to the other elements in t 
broad scan. The ratio of the C due to carbonate and Ca should be approximately I : I , 
as observed with the sanded non-weathered marble. Also the overall pe rcentage of 
carbon from the po ly(aspartic acid) in relation to the other elements should be 4 tim es 
the percentage of nitrogen as there are 4 carbon atoms to every nitrogen in t he 
polymer. Table 8 shows that thi s is not so in any case when the mode l is applied to 
actual data. 
Concentration of Ratio Ca :C (due to % C due to %N(4x%N ) 
poly(aspartic acid) carbonate) poly(aspartic 
solution (mg/1OOml) acid) 
I 1:0.57 22.0 2 .7 ( 10.8) 
2 1 :0.66 18.0 3 . 1 ( 12.4) 
5 1:0.75 16.0 3 .6 ( 14.4) 
10 1:0.73 22.2 4 .2 ( 16.8) 
Table 8: Results from peak fitting using model I compared to those from the broad scan spectr a. 
In light of the above results, the model was improved by imposing the addition al 
restriction that the overa ll percentage of carbon due to carbonate must be the same as 
that of calcium (model 2). This addi tional experimental information restricts t he 
the 
be 
he 
number of possible curve fitting solutions. As there was no constraint in 
XPSPEAK program that could be used to achieve this, the area that peak 5 should 
was calculated from the overall area of the peaks in the fit and fixed at that value. T 
fitting was then repeated until the percentage due to carbonate was accurate to O. 1%. 
The same calculations were then performed on these peak fitted high resolution CCI s) 
the 
he 
peaks. The result s, shown in table 9, are very close to the expected values and 
overall fit of the raw data is still excellent. The small differences between t 
percentage of carbon due to poly(aspartic acid) and 4 x the percentage of nitrog en 
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may be attributed to error in measurement of the N(] s) peak area in the broad scan 
spectrum as the signal to noise ratio is lower in that region. 
Concentration of Ratio Ca :C (due to % C due to %N(4x%N) 
poly(aspartic acid) carbonate) poly(aspartic 
solution (rog/1OOml) acid) 
I . 1:1 10.8 2.7 (10.8) 
2 1:1 13.7 3.1 (12.4) 
5 1: 1 11.6 3.6 (14.4) 
10 1:1 16.0 4.2 (16.8) 
Table 9: Results from peak fitting using model 2 compared to those from the broad scan spectra. 
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Figure 48: Peak fitted high resolution carbon (Is) spectrum of marble coated using a ImgllOOml 
poly(aspart ic acid) solution with model 2. 
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Figure 49: Peak fitted high resolution carbon (Is) spectrum of marble coated using a 2mgll00ml 
poly(aspartic acid) solution with model 2. 
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Figure 50: Peak fitted high resolution carbon (Is) spectrum of marble coated using a 5mgll00ml 
poly(aspartic acid) solution with model 2. 
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Figure 51: Peak fi tted high resolution carbon (Is) spect rum of marble coated using a 10mg/l00ml 
poly(aspartic acid) solut ion with model 2. 
These results show that the improved model is suitable for the fitting of the high 
resolution C(ls) spectra of poly(aspartic acid) adsorbed on a marble substrate and the 
results can be reliably used in calculation of the thickness of the coating. 
5.4.3 Thickness of the poly(aspartic acid) coating on marble 
The thickness of the polymer coating on the marble may be estimated using XPS. The 
coating thickness was examined for different solution concentrations and various 
times the marble samples were in the solutions. 
The thickness of this coating (d) is estimated from the relative intensity of the peaks 
due to the coating and the marble substrate obtained from peak fitting of the high 
resolution C l s spectrum. The substrate is the carbonate peak, whilst the coating is 
classed as the sum of all the other peaks. Equation 3 1 is based on a coati ng on a flat 
surface'" 
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(31) 
Where subscipts c imd s refer to the coating and substrate respectively. I i~ the . 
intensity of the photoelectron peak as detennined from the peak fitting results. The 
number density of carbon atoms in the coating and substrate are represented by Ilc and 
n, respectively. Ac and As are the attenuation lengths and e is the take off angle. As 
(n,!Ilc)*( AJAc) is unknoWIl for poly(aspartic acid) the value for steric acid (0.327) was 
used as an approximation. 
Concentration % % % % Coating 
of poly(aspartic adventitious poly(aspartic carbonate thickness 
poly(aspartic acid) carbon acid) + % (nm) 
acid) solution adventitious 
(mg/lOOml) carbon 
1 30.8 23.7 54.5 45.5 1.49 
2 37.0 22.4 59.4 40.6 1.76 
5 30.9 37.8 61.7· 38.4 1.90 
10 40.0 23.9 63.9 36.1 2.06 
.. 
Table 10: Results from peak fitting using model 2 and the·thickness of the adsorbed layers. 
The table above shows that the thickness of the coating increases with increasing 
poly( aspartic acid) concentration when the time the marble samples are left in solution 
is the same. This is in agreement with the· results for the percentage of nitrogen 
present on the samples. These values for thickness are the best estimate may be used 
to estimate the amount ofpoly(aspartic acid) needed to coat the internal surface of the 
porous marble. 
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5.4.4 Variation in thickness with adsorption time 
The peak fitting method developed was applied to marble samples coated using the 
same concentration of solution, but left in solution for varying times. The model 2 
once again gave good fits to the C(ls) peak raw data. 
Time in Ratio Ca:C (due %Cdueto %N(4x 
solution to carbonate) poly(asp) %N) 
3 hrs 1:1 13.4 .' 2.7 (10.8) 
8hrs 1:1 8.8 2.4 (9.6) 
2 days 1:1 11.8 2.4 (9.6) 
. 
3 days 1:1 .13.0 3.9 (15.6) 
3days 1:1 13.7 3.1 (12.4) 
Table 11: Results from peak fitting using model 1 compared to those from the broad scan spectra 
for marble samples coated using lmgllOOml poly(aspartic acid) solution for varying times. 
Time in % % Organic % poly(asp) + %C03 Coating 
solution poly(asp) C % OrganicC thickness (nm) 
3 hrs 38.3 18.0 56.3 43.7 1.6 
~ 
8 hrs 27.0 21.9 48.9 51.1 1.2 
2 days 32.5 24.8 57.3 42.7 1.6 
3 days 36.8 19.0 55.8 44.2 1.6 
3days 37.0 22.4 59.4 40.6 1.8 
. 
Table 12: Results from peak fitting using model 1 and the thickness of the adsorbed layers for ' 
marble samples coated using 2mgllOOml poly(aspartic acid) solution for varying times. 
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Time in Ratio Ca:C (due % Cdueto %N(4x 
solution to carbonate) poly(asp) %N) 
3 hrs 1:1 15.5 2.9 (11.6) 
. 
24hrs 1:1 ·12.6 3.8 (15.2) 
3 days 1:1 . 16.0 4.2 (16.8) 
Tablel3: ReJults from peak fitting using model 2 compared to those from the broad scan spectra 
for marble samples coated using 10mgll00ml poly(aspartic acid) solution for varying timeJ. 
Time in % % Organic % poly(asp) + %C03 Coating 
solution poly(asp) C %OrganicC thickness (nm) 
3 hrs 38.3 27.9 66.2 33.8 2.2 
24hrs 30.4 37.8 68.2 31.8 2.4 
3days 40.0 23.9 63.9 36.1 2.1 
Table 14: Results from peak fitting using model 2 and the thickness of the adsorbed layers for 
marble samples coated using 2mgll00ml poly(aspartic acid) solution for varying timeJ. 
The results for 2mgll00ml and lOmgll00ml poly(aspartic acid) solutions indicate that 
for 3hrs to 3 days, there is no significant difference between the thicknesses of the 
adsorbed layers on the marble. The results also confirm the differences in thickness of 
the poly(aspartic acid) layer obtained when using different concentrations of 
poly(aspartic acid) . 
. If the coating is classed as the sum of all peaks with the exception of the carbonate, as 
it has been here, then the thickness of the adsorbed layer may be calculated by a ratio . 
of the overall percentages due to calcium and carbon due to carbonate, since the I,lIc 
would be the same as the value calculated from the peak fitting results.· This 
simplified method could be used for the calculation of the thickness of more complex 
polypeptides adsorbed on a surface where there are too many carbons in different 
chemical environments to easily peak fit the high resolution carbon 1 speak. 
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5.5 Captive bubble contact angle 
Contact angles of water on the various stone substrates and those with adsorbed 
. poly(aspartic acid) were determined. In section 8.2.1, the results obtained in this 
section will be used in the determination of the depth to which the consolidation 
technique may be effective. 
Due to the porous nature of the marble, contact angles with water were measured 
using the captive bubble technique. From surface tension measurements, the distilled 
water used was calculated to have a surface tension of 72.0 rnN m-I at 25°C. There 
was no control over the size of the bubbles produced, however comparison of the 
, 
contact angles given by the varying bubble sizes showed that there was no correlation 
between bubble size and contact angle which is as expected. An example is shown in 
figure 52 where the observed contact angles are plotted. The true water contact angle 
is 180 minus the observed captive bubble contact angle. 
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Figure 52: Obsen'ed contact angles of the bubbles with different diameters for the weathered 
Pietra di Lecce limestone. 
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The contact angle for clean calcium carbonate with water should be 0°, as was found 
, with the powdered samples. The XPS results have shown that there is organic carbon 
present on the surfaces of the uncoated stone samples and the rise in contact angle is 
attributed to this layer. Although the mean contact angle is similar for the uncoated 
samples, it was noticed that the standard deviation of the contact angles was larger for 
the samples with more 'contaminants' on the surface (Le. the weathered marble and 
marble samples). 
~S showed previously the presence of the adsorbed layers ofpoly(aspartic acid) on 
the marble substrates. However, there was no significant effect on the contact angles. 
This could be due to the fact that the proteins are hydrophilic and the interaction with 
water could cause rearrangement on the surface, allowing water access to the marble 
substrate underneath. The contact angles would then be virtually identical to those on 
the uncoated samples. The presence of th~ adsorbed layer does tend to cause an 
increase in the standard deviation of the angles measured, similar to those observed 
for the samples with more 'contaminants' on the surface. 
Sample Mean Standard 
contact deviation. 
angle . 
Non-weathered Carrara marble 30.0 4.9 
Sanded non-weathered Carrara marble 31.2/29.3 2.9/2.2 
Artificially weathered marble 27.5 4.4 
Artificially weathered limestone 30.2 2.9 . 
Sanded non-weathered Carrara marble with an 32.1127.6 4.8/3.0 
. adsorbed poly(aspartic acid) layer (lOmg/l00ml) 
Sanded non-weathered Carrara marble with an 35.2/36.8 7.4/4.4 
adsorbed poly(aspartic acid) layer (Smg/l00ml) 
Table 15: Water contact angles determined from captive bubble measurements on various 
substrates. 
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5.6 Summary 
Calcium carbonate samples were examined using XRPD, DRIFT, particle size 
analysis and XPS for their potential use in a consolidation technique. Stone samples to 
be used in laboratory experiments were also analysed using SEM, XPS and contact 
angle. The latter two techniques were used when examining adsorbed layers of 
poly( aspartic acid) on marble substrates. A model was developed for determining the 
amount of poly(aspartic acid) on the marble substrate. This data was then used to 
calculate the thickness of the adsorbed layers. 
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Chapter 6 CRYSTAL GROWTH 
Crystal growth in the pores of weathered stone is difficult to examine. To give an 
indication of the type of crystals that would be produced in the pores, crystals were 
grown under different conditions, in the presence and absence of macromolecules, on 
abraded or weathered marble substrates immersed in the appropriate solution. 
6.1 Ammonium carbonate method 
The first method used to examine the calcium carbonate crystal growth on marble was 
the ammonium carbonate method. Without the presence of any additives or any 
adsorbed macromolecules, the crystal growth on an abraded marble surface appeared 
to cover the surface (figure 53). The crystals were all rhombohedral, a morphology 
associated with calcite. This is as expected since marble is predominantly calcium 
carbonate which is an excellent nucleator of calcium carbonate. The crystals were 
small (up to about 3.1 /lm) and in some cases there were also some larger crystals 
(approx 7-9/lm) observed. Overall more than 98% of the crystals were less than 2p.m, 
but the crystals had no preferential orientation on the surface. These factors indicate 
that there is no control over the crystal growth. Hereafter this will be referred to as the 
ammonium carbonate blank. 
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Figure 53:Crystal growth on a marble substrate using the ammonium carbonate method. 
6.1.1 Crystal growth in the presence of OMM 
By first coating the marble surface using OMM and then using the ammonium 
carbonate method to grow calcium carbonate crystals, needle-type growth attributed 
to aragonite was observed on the surface. The needles were approximately O.1-0.2I!m 
in width and grew up to about 5.5l!m in length (figure 54). 
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Figure 54: Marble sample coated usiug 2mgllOOml OMM in CaO,. Ammonium carbonate 
method used to grow crystals. 
OMM present as an additive in solution during crystal growth produced mainly 
rhombohedral shaped crystals (figure 55), however at the edges the growth appeared 
to be retarded. This suggests the OMM tend to adsorb at specific sites on the growing 
crystals. This is in agreement with similar observations of other authors. There also' 
appears to be some control over the orientation of the crystals. The explanation for 
this could be that some of the macromolecules in solution are also adsorbed onto the 
surface of the marble substrate before the crystals are grown. This is very likely as 
one of the factors affecting the rate of crystal growth is the diffusion of ammonia and 
carbon dioxide into the solution. So during the slow diffusion of these gases (from the 
decomposition of ammonium carbonate) into the solution, some of the 
macromolecules adsorb on the marble surface. Similar crystal growth is observed 
when the OMM are used both to coat the substrate and as an additive in solution 
during crystal growth supporting this theory. It is also likely that the OMM in solution 
have more control over the crystals grown in this way than those adsorbed on the 
substrate, as they are able to interact with the ions and small crystalIites in solution 
before they diffuse to the surface of the marble. In both cases, it is clear that the 
calcium carbonate crystals tend to be larger than those in figure 53. A chart of the 
crystal sizes is shown in figure 57. 
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Figure 55: Crystals growu ou a marble substrate with ImgllOOml OMM additive in the calcium 
chloride solution during crystal growth nsing the ammonium carbonate method. 
Figure 56: Marble sample coated using 2mgllOOml OMM in CaCI,. Crystal growth using the 
ammonium carbonate method with ImgllOOml OMM present as an additive in the calcium 
chloride solution. 
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Figure 57: Approximate percentages of the sizes of crystals produced ill the crysta l growth 
experiments using OMM and the ammonium ca rbonate method. 
6.1.2 Crystal growth in the presence of poly(aspartic acid) 
6.1.2.1 Poly(aspartic acid) coating on the surface 
When poly(aspartic acid) was used in place of the OMM, a significant effect on the 
growth of ca lcium carbonate crystals was once again observed (figure 58). The 
crysta ls grown were again larger than on the ammonium carbonate blank. Lower 
concentrations of the poly(aspartic acid) used to coat the surface did not contro l the 
crysta l orientation as well. The poly(aspartic acid) appears to have higher degree of 
contro l over the orientation than the OMM. It is thought that this may be due to the 
different amino acids in the OMM, not all of which may interact with the ca lcium 
ions, whereas with the poly(aspartic acid) the carboxylic acid groups along the 
polymer backbone are all capable of binding to the calciwn ions. The adsorbed 
poly(aspartic acid) has a regu lar array of carboxylic acid groups on the surface with 
specific orientation and spacing due to the restrictions of polymer backbone which 
have such a signi ficant effect on the control of crystal growth on the marble. In 
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contrast, aspartic acid coated marble (figure 59) again produced rhombohedral 
crystals, but they were small and random ly orientated due to the absence of the 
polymer backbone. lncreasing the concentration of the aspartic acid solution used 
made no difference to the size or orientation of the crystals. These results show the 
importance of the use ofa polymer for this role. 
Figure 58: Marble sample coated usi ng 2mgllOOml poly(aspartic acid) in Ca Cl,. Ammonium 
carbonate method used to grow crystals. 
Figure 59: Marble sample coated lIsing 2mgll OOml aspartic acid in CaCI2* AmmoniulIl ca rbonate 
method used to gl'ow crystals. 
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Figure 60: App roximate percentages of the sizes of rhombohedral crystals prod uced in the 
crystal growth experiments using am moni um carbonate met hod on ma rble sa mples coa ted using 
poly(aspartic acid) or aspartic acid. 
There is a greater percentage of larger crystals present on the aspartic acid coated 
sample than on the ammonium carbonate blank, showing that it does have some slight 
effect on crystallization. The effect on crystal size is more obvious on the 
poly(aspartic acid) coated samples where there are a higher percentage of larger 
crystals, as shown in figure 60. 
6.1.2.2 Poly(aspartic acid) present as an additive in the crystal 
growth solution 
The poly(aspartic acid) was also observed to have a much more pronounced effect 
than the OMM on crystal morphology when present as an additive in the crystal 
growth sol ution. The crystals produced using poly(aspartic acid) are shown in figure 
61. It has been suggested that these may possibly be amorphous calcium carbonate l 41 , 
although th is polymorph is unstable. What is clear is that the poly(aspartic acid) has 
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inh ibited the growth of the rhombohedral crystals usually formed. Also, although 
there are fewer particles, they are significantly larger. 
Figure 61: Crysta ls grown 0 11 a marble subsln .le with 1 mg/ lOOml Iloly(aspartic acid) add itive in 
the ca lci um chloride solut ion during crystal growth using the ammonium carbonate method. 
Similar growths were observed when the poly(aspartic acid) was adso rbed onto the 
substrate and used as an additive in so lution (figure 62). Under these conditions a 
higher percentage of larger calciwn carbonate growths were observed in comparison 
to experiments in which poly(aspartic acid) was only present as an additive (figure 
63). 
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Figure 62: Marble sample coated using 2mg/100ml poly(aspartic acid) in CaCh. Crystals grown 
with I mg/I OOml poly(aspartic acid) additive in the calcium chloride solution during crystal 
growth using fhe ammonium carbonate method. 
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Figure 63: Approximate percentages of the sizes of crys tals produced where poly(aspartic acid) 
was present as an additive during crystal growth using the ammonium carbonate method. 
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6.1.3 Poly(aspartic acid) and OMM present as in the crystal 
growth solution 
Where botb poly(aspartic acid) and OMM were present in solution, both types of 
crystal morphology observed for the OMM and the poly(aspartic acid) additives were 
present. Thi s may be observed in figure 64. The ratio of OMM:poly(aspartic acid) 
determined how many of each type of crystal was ob erved. 
Crystal 
morphology 
due to OMM 
additive. 
Crystal 
morphology 
~ _____ ~~'----';--' due to 
poly(aspan ic 
acid) 
add itive. 
Figure 64: Crystals g rown on a glass substrate with 50% I mg/ I OOml poly(aspartic acid) additive 
"lid 50% Img/IOOml OMM additive in the calcium chloride solution during cryst"1 growth nsing 
the ammonium ca rbonate method. 
As an additive in solution, poly(aspartic acid) appears to be a much more effective 
inhibitor of rhombohedral crystal growth than the OMM . This may be due to there 
being more carboxylic acid groups in Ihe poly(aspartic acid) to bind to the calcium 
ions in solution and the growing ca lcium carbonate crystal s. 
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6.2 Calcium bicarbonate method 
With the calcium bicarbonate method, the crystallizing so lution is at a lower pH 
(about pH 5.8 to 6 .2, which would appear not to be affected by the supersaturation 
wi thin the range I 1.5 mM to 17mM) and crystal s are produced in solution by the loss, 
rather than gain of carbon dioxide. The supersaturation of the so lution can be 
controlled by variation of the time or by the amount of calcium carbonate and disti ll ed 
water used in the preparation. 
When an abraded marble sample was immersed in supersaturated calcium bicarbonate 
solution (about l StnM) there was no control over the crysta l growth. The morphology 
of the crystals d iffered to the rhombohedral morphology observed with the 
ammonium carbonate method in the absence of any additi ves. instead the crysta ls 
were either in the form of bundles of needle shaped crystals up to 23!-un or smaller 
crystals, with varying numbers of edges, up to about 6)lm. There was no preferential 
orientation for the crysta ls grown. All of this again ind icates that there is no control 
over the crysta l growth. This will hereafter be referred to as the calcium bicarbonate 
blank (figure 65). 
Figure 65: Crystal growth on a marble substrate using the calcium bicarbonate method. 
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6.2.1 Crystal growth in the presence of OMM 
Figure 66: Marble sa mple coated using 2mg/ l 00011 OMM ill C.CI" Calcium bic..rbonate method 
used to g.'ow cryst.ls, 
When OMM were used to coat the marble prior to the crystal growth stage, crystal 
growth covered the sample, as shown in figure 66. The crystals were of varying sizes 
and randomly orientated on the sample surface. When OMM in calcium chloride 
solution are added to the calcium bicarbonate solution, there is a strong resemblance 
to the calcium bicarbonate blank. Under these conditions, it would appear that the 
OMM have little effect on the crystal growth. 
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6.2.2.1 Poly(aspartic acid) coating on the surface 
Once again it was observed that the poly(aspartic acid) appears to have higher degree 
of control over crystallization than the OMM. When the poly(aspartic acid) is coated 
on the surface of the marble, fewer crystals are observed and these are randomly 
ori entated on the marble (fi gure 67). However the crystal s which are present tend to 
be larger. This shows that the poly(aspartic acid) is able to limit the number of 
nucleation sites. No other obvious effect was observed under these conditions. 
Figure 67: Marble sa lllllle coated using 2mgllOOml poly(asp"rtic acid) in CaCl,. Calcium 
bicarbon ate method used to grow crystals. 
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Figure 68: Approximate percentages of the sizes of crysta ls produced where the marble sa mple 
was coated using 2mgllOOml poly(aspartic acid) in Ca Ch and the calcium bica rbonate method 
was used. 
6.2.2.2 Poly(aspartic acid) present as an additive in the crystal 
growth solution 
There was a much more pronounced effect when the poly(aspartic acid) was present 
as an additive in the supersaturated calcium bicarbonate solution ( figures 69 and 70). 
The poly(aspartic acid) again appeared to affect crystal growth by inhibition. The 
morphology of the crystals was changed and were observed to be rounded. They 
appeared as agglomerates of smaller crysta ls with some larger, usually solitary 
crystals. The same morphology was observed when substrates were coated prior to the 
crysta llization step. When the overall concentration of poly(aspartic acid) present in 
solution was reduced from Img/lOOml to 0.1 mg/ I OOml no significant difference was 
observed to the crystal morphology, although no agglomerates of smaller crystals, as 
seen in figure 69, were observed (figure 7 1). 
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Figure 69: 10% 10mgll00ml poly(aspartic acid) ill CaCl" 90% calciuJU bicarbonate solution used 
to grow crystals. 
Figure 70: Marble sample coated using 2mg/100ml poly(aspartic acid) ill CaCl,. 10% 
10rng/100ml poly(aspartic acid) ill CaCl" 90% calcium bic.1rbonate solution used to grow 
crystals. 
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Figure 71: 10% I mg/ l OOml poly(aspartic acid) in CaCl" 90% calcium bicarbonate solution used 
to grow crystals. 
6.3 Concentration of supersaturated calcium bicarbonate 
solution 
The concentration of the supersaturated calcium bicarbonate solution was changed. 
For increases in concentration up to about 17mM, there appeared to be no difference 
to the crysta l morphology or size, when crystals were produced from a 10% 
Img/ IOOm l poly(aspartic acid) in CaClz, 90% calci um bicarbonate sol ution. However 
if the calcium bicarbonate concentration was reduced to I I.SmM, edges were again 
apparent on the crystals. The growth of the crystals also appeared to be inhibited at 
certain faces . At thi s lower supersaturation, the poly(aspartic acid) now clearly affects 
the crystal morphology. By increasing the concentration of poly(aspartic acid), the 
well defined edges gradually disappeared. T he size of the crystals also increased 
dramatically, as shown in figure 78. 
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Figure 72: 10% Img/IOOml poly(aspartic acid) in CaCl" 90% 11.5mM calcium bicarbonate 
solution used to grow crystals. 
Figure 73: 10% 0.5mg/100ml poly(aspartic acid) in CaCl" 90% 11.5mM calcium bicarbonate 
solution used to grow crystals. 
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Figure 74: 10% 2mgl l 00011 poly(aspartic acid) in CaCl,. 90% 11.501M calcium bicarbonate 
solution used to g"ow crystals. 
Figure 75: 10% 10mgll00ml poly(aspartic acid) in CaCl,. 90% 11.5mM calcium bicarbonate 
solution used to grow crystals. 
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Figure 76: Approximate percentages of the sizes of crys tals produced where poly(aspartic acid) 
in eaCh was present as an additive in supersaturated calci um bicarbonate solution during 
crystal growth. 
Crystals grown where the same overall concentration of poly(aspartic acid) was the 
same, but was made up directly in the supersaturated bicarbonate so lution, gave 
comparable results to those where the poly(aspa rti c acid) was added in ca lcium 
chloride solution with the exception of the sample where the overa ll concentration of 
poly(aspartic acid) in calcium bicarbonate was O.2mgl 100ml (figure 78). The 
morphology and crystal density differences are thought to be due to the slight changes 
in calcium ion concentration. 
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Figure 77: 0.1 mg/ I 00011 poly(aspartic acid) in I J.5mM calcium bicarbonate solution used to grow 
crystals. 
Figure 78: 0.2mg/100ml poly(aspartic acid) ill 11.5mM calcium bicarbonate solution used to grow 
crystals. 
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6.3.1 Other additives 
Crystals grown at low supersaturation usi ng di fferent additives showed some 
differences in crysta l growth, a lthough not as dramatic as with the poly(aspartic acid). 
With OMM's present as an additive, a clear trend was thi s time observed with an 
increase in concentration of the macromolecules (figures 79a, b and c). High 
concentrations of OMM gave larger crystal s. 
Figure 79a, band c: 90% 11.5mM calcium bicarbonate and 10% a) 0.5mg/100ml, b) lmg/100ml 
c) 2mg/100ml OMoM's in CaCl,. 
Poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA) were also used as 
addi ti ves in the calcium bicarbonate solution. T here were similarities with the shapes 
of the crysta ls produced, as may be observed in figures 80 and 81 , although those 
produced with the PMAA additive tended to be larger and were fewer than those 
grown in the presence of PAA (figure 82). There was also evidence of an orientation 
effect on the crystals with tbe PMAA additive in the crystallizing solution. 
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Figure 80: 10% 2mg/100 ml PAA in C.CI" 90% I J .SmM calci um bic. rbo" ate solutiou used to 
grow crystals. 
Figure 8 1: 10% J.Smg/IOOml PMAA iu C.CI" 90% I J.SmM c.lcium bicarbon.te solutio ll used 
to grow crystals. 
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Figure 82: ApPl"Oximate percentages of the sizes of crystals produced using PMAA and PAA 
additives in t 1.5mM ca lcium bica rbonate solution to grow crystals. 
6.4 Multiple applications 
Multiple crystal growth experiments were perfonned to detenni ne whether this 
increased the size or number of crystals. From the SEM results, it wou ld appear that 
there is no significant increase in crystal size, but an increase in crystal density on the 
surface was certainly evident. An example is shown in figure 83 with 10% 
I mgl l OO ml poly(aspartic acid) in CaCh and 90% 11.5mM calcium bicarbonate 
solution. Multiple applications do not seem to increase crystal size, therefore large 
crystals must be grown first time if weathered stone is to be reinforced. 
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Figure 83a and b: 10% 1 mg/ lOOrnl poly(aspartic acid) in C.CI" 90% 11.5mM calcium 
bicarbon.te solution used to grow crysta ls. From left to right (a) 2 'Plllic.tiolls . lId (b) 3 
applications. 
6.5 Use of nanoparticles 
There are a limited number of ions in the supersaturated calcium bicarbonate solution 
to grow the crystals. In the pores of a weathered stone sample a supply of calcium and 
carbonate ions is therefore required to grow as many crystals as possible. The theory 
of Ostwald ripening states that larger crystals will grow at the expense of smaller 
crystals which have a higher so lubili ty. It was thought that the introd uction of 
nanoparticies of calcium carbonate into the pores would therefore provide a source of 
calcium ions to produce larger crystals. 
This theory was tested by following the crystal growth by immersion in calcium 
bicarbonate solution containing nanopartic les of ca lcium carbonate. This did not 
appear to increase the size of the crystal s. Instead the particles were observed to attach 
themselves to the al ready formed crystals as shown in figure 84. The nanoparticles did 
seem to show a preference fo r attachment to the crystals grown. However, the surface 
is not like a pore because the supersaturation is maintained over a long period. 
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Figure 84: 10% I mgllOOml poly(aspartic acid) in CaCl,. 90% 11.5mM calcium bicarbonate 
solution used to grow crystals followed by suspension in calcium bicarbonate containing U3 
nanoparticles. 
6.6 The effect of temperature 
The temperature cannot be controlled when applying solutions to grow crystals in the 
pores on weathered monuments and statues outside. The effect of temperature was 
therefore examined from 8 to 27°C using glass substrates and 10% I mg/ I OOml 
poly(aspartic acid) in 7.5mM CaCI2• 90% 15mM calcium bicarbonate solution to 
produce the crystals. Over the temperature range investigated, there appears to be a 
general decrease in the size of the crystals produced with increasing temperature 
(figure 86). At the lower temperatures, there also appears to be fewer crystals. This is 
as expected since the supersaturation wi ll be high at higher temperatures due to rapid 
loss of carbon dioxide hence the crystals are smaller. Slower loss of carbon dioxide, at 
the lower temperatures. results in larger crystals. 
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Increase in temperature 
Figure 85: The effect of temperature on the growth of crystals from a 10% I mg/I OOml 
Iloly(aspartic acid) in 7.5mM Ca Cl" 90% 15mM calcium bica rbonate solution. 
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Figure 86: The effect of telllllera!ure on crystal s ize from a t 0% I mg/ I OOml poly(aspartic acid) in 
7.5mM Ca Cl" 90% 15mM calci um bica rbonate solu t ion. 
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6.7 Experiments with silk 
A procedure using silk was investigated because, in mollusc shell s, silk fibroin-like 
proteins have been observed to act as framework macromolecules influencing growth 
(section 2.2.3). It was believed that when used in conjunction with the OMM's or 
poly(aspartic acid), a high degree of control could be exerted over crystal growth. 
Si lk contains fibroin and sericin. Fibroin is the insoluble, fibrous protein with over 
80% of the amino acids in the protein having the alternating sequence Gly-Ser-G ly-
Ala-Gly-Ala. Overall silk fibroin contains 44.6% Gly, 29.4% Ala and 12.2% Ser'42. 
Sericin is a gumlike protein consisting of more than 30 mol% Ser which was removed 
for these experiments. The isoelectric points for these amino acids and aspartic acid 
may be found in table 16. Silk fibroin fonns antiparallell3-sheets with all the glycines 
on one side and all the serines and alanines on the other'43. 
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Amino Structure pK"! 144 pK,,2 "" pK.3 
1:14 Isoelectric 
acid point'" 
Glycine 0 2.34 9.60 5.97 H2N~ 
OH 
Alanine 0 2.34 9.69 6.01 
OH 
NH2 
Serine 0 2.21 9. 15 5.68 
OH 
H2NIIII'" '' 
~OH 
Aspartic ] 1. 88 3.65 9.60 2.77 acid OH 
HO 'l1 
-
NH2 0 
Table 16: The most common arn ino ac id fo und in silk fibro in 
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Figure 87: Coated using silk and Img/IOOml poly(aspartic acid) in 7.SMm CaCl,. Crystal growth 
using the ammonium carbonate method. 
Figure 88: Coated using silk and Img/IOOml OMM's in 7.SM m C.C1,. Crystal growth using the 
ammonium ca rbonate method. 
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Figure 89: Coated using silk. Crystal growth usi ng the ammonium ca rbonate met hod. 
Al l the experiments with the silk solution and the ammonium carbonate method 
produced excellent results in tenns of crystal growth. All the crystals have a 
rhombohedral morphology, and are therefore assumed to be calcite, and there is a high 
degree of control over the orientation of the crystals. It is interesting to note that 
similar results are given when si lk is present with no poly(aspartic acid) or OMM. 
This shows that the silk alone is sufficient to control the crystal growth of calcium 
carbonate under these conditions. 
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Figure 90: Approximate percentages of the sizes of rhombohedral crystals produced ill the 
crystal growt h experi ments using si lk and the ammonium carbonate method. 
On the ammonium carbonate blank, more than 98% of the crystals formed were less 
than 2~m . Figure 90 and the SEM micrographs show that the crystals formed in the 
silk experiments with the ammonium carbonate method were generally much larger, 
although there were not as many present on the marble. It is also interesting to note 
that the crystals tend to be larger in the presence of silk alone or silk and OMM. This 
could be due to the other functional groups present on the surface from the other 
amino acids in these macromolecules. 
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Figure 91: Coated using silk and I mg/l00ml poly(aspartic acid) in 7.SMm Ca Cl,. Crystal growth 
using O.lmg/l00ml poly(asp) in calci um bica rbonate solution. 
In the case of the caicilUll bicarbonate method no crysta l growth was observed. 
Certain changes were made to the procedure and crystal growth was then observed. 
These changes were to omit the distilled water step and to use the poly(aspartic acid) 
as an additive in solution to control the crystal growth. The poly(aspartic acid) was 
present at a concentration of 0. 1 mg/I OOml in calcium bicarbonate solution for this 
step. The large crystals observed (figure 91) were in the range J J to 23~m , generally 
larger than the rhombohedral crystals grown in the presence of silk using the 
ammonium carbonate method. However the nuc leation density was considerably less, 
as was the control over size and orientation of the crystals. Such a contrast in the 
results with the two methods is probably due to differences in pH. 
When using the ammonium carbonate method, the diffusion of ammonia gas into the 
calcium chloride so lution produces an alkaline solution (about pH 9.5).23 Under these 
conditions the glycine, alanine and serine will be in their anionic form, hence the silk 
fibroi n attached to the marble wi ll have a negative charge. This will attract the Ca2+ 
ions in so lution to the surface of the si lk fibroin . The carbonate ions wi ll then be 
attracted to the bound caicium ions and eventually ca lcium carbonate crystals wi ll be 
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observed. The high orientational effect of the sil k alone may be attributed to 
secondary structure of the silk fibroin . 
When poly(aspa rtic acid) or OMM's are adsorbed onto the silk coated substTate, prior 
to the crystal growth step, the functiona l groups on these macromolecul es will inte ract 
with the ions and growing crystal s. However, there is a higher degree of control than 
when the si lk is absent. The fibroin may play a role in how the OMM's and 
poly(aspartic acid) are adsorbed onto the surface. This would in turn effect the crystal 
growth on that surface. 
In the presence of ca lcium bicarbonate solution, the zwitteri onic forms will be present 
due to the similarity in pH of the calcium bicarbonate solution and the isoelectric 
points of the three predominant amino acids in the si lk fibroin , table 16. There wi ll 
then be no electrostatic attraction between the ions and/ or crysta ls in solution and the 
substrate, and hence little to no crystal growth is observed when the ca lci um 
bicarbonate method is used in conj unction with the si lk. When the poly(aspartic acid) 
is also present as an additive in solution it will act to inhibit the growth of the crystals 
and effect the morphology of the crystals fonned . A simi lar morphology is therefore 
observed to experiments in the absence of the si lk . A comparison between the 
ammonium carbonate experiments with si lk and poly(aspartic acid) and samples 
without silk show that the crystal density is significantly less on the former. It is 
therefore suggested that the layer of si lk on the marble may have some inhibitory 
effect. Signifi cantly fewer crystals would thereFore be expected with the ca lcium 
bicarbonate method and the silk . 
6.8 Summary 
Crysta l growth was examined on marble substrates to give an indication of the type of 
crystals that wou ld be fonned under various conditions in the pores of weathered 
marble. Two different methods of producing calcium carbonate and a range of 
macromolecules were used for thi s purpose. In the absence of macromolecules, the 
crystal s produced were small with no preferential ori entation. The use of different 
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macromolecules allowed the morphology, size and orientation of the crystals grown 
on the substrates to be controlled to varying degrees depending on the conditions. 
Crystal s with different morphologies could also be produced from the same calcium 
carbonate producing solution by the addition of OMM and poly(aspartic acid) in the 
same solution. The ratio of crystals with different morphologies could be changed by 
varying the ratio of OMM: poly(aspartic acid) added. Overall the highest degree of 
control over crystal growth was observed with silk fibroin and the ammonium 
carbonate method, in the absence or presence of poly(aspartic acid) or OMM. 
However excellent results were also observed in other cases. 
The crystal densi ty on the marble surface was increased significantly by multiple 
applications, however the crystal size did not appear to be affected. Calcium 
carbonate nanoparticles also did not appear to increase the crysta l size on the marble 
surface, however thi s may not be the case in a pore as supersaturation is maintained 
over a long period. 
The effect of temperature was also investigated over a range encompassing possible 
temperatures when the treatment may be applied to weathered monuments. The 
temperature affected crystal size; lower temperatures produced larger and fewer 
crystals. 
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Chapter 7 REACTION OF MARBLE WITH HUMID 
5ULFUR DIOXIDE 
7.1 Reaction with 502 
Samples of marble and calcium carbonate powders were reacted with S02 in a humid 
atmosphere. The aim of this work was to assess the reactivity of powder and marble 
surfaces to S02 and investigate the effect of the presence of protein in thi s reaction. If 
the results indicated that the presence of poly(aspartic acid) or OMM accelerated the 
reaction, then it would not be suitable for use in stone conservation. 
7.2 Calcium carbonate powdered samples 
Fordacal calcium carbonate samples were weathered by exposure to S02 in a humid 
atmosphere, using the apparatus in figure 27 in section 4.5. The DRIFT spectra of the 
Fordacal samples were taken after reaction with S02. The main difference in the 
DRJFT spectra may be observed in the region 900 to 1150 cm-I as illustrated in figure 
92. 
- 145 -
RESULTS AND DISCUSSION Chapter 7: REACTION WITH SO, 
0.5 --Reacted calcium carbonate 
--calcium carbonate 
0.45 
0.4 
0.35 
~ 
u 
c 0.3 ~ 
of 
0 0 .25 ~ 
.Q 
« 
0.2 
0.15 
0.1 
0.05 
0 
3650 3150 2650 2150 1650 115 650 
Figure 92: A comparison of t he DRIFT spectra of Fo rdacal 30 and Fordacal 30 reacted wi th SO, 
in a humid atmosphcr"e. 
Subtraction of a Fordacal DRIFT spectrum from the spectrwn of a Fordacal sample 
(with the same particle size) reacted with S02 revealed a peak corresponding to 
sui fate at approximately 1140cm-t and a sulfite peak around 960cm-tl15 IJ7 There was 
a significant difference in peak areas between Fordacal 30 and the other samples. The 
largest sulfate and sulfite peaks were observed with Fordacal 30 as the particle size is 
smaller (larger surface area) than the other samples, therefore Fordacal 30 (F30) was 
used in the remaining experiments with S02. 
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Figure 93:Sulfate alld sulfite peaks observed ill the DRIFT spect rum of Fordacal30 reacted with 
SO, in a humid atmosphere. 
Fordacal 30 calcium carbonate powder samples were reacted wi th S02 as described in 
the experimental section 4.5. Air and S02 flow rates were fai rly constant. The relative 
humidi ty readings increased most rapidly at the beginning and became steady in the 
later part of the reaction. The fo llowing table shows typical conditions. 
Ti me of reaction jAverage SO, Adjusted 
Sample (min) Total S0, (I) (1/min) average RH (%) 
~O 11 0.183 66 
Fordacal 
120 :22.1 0.184 ~7 
180 32.9 0.183 ~8 
30 ~40 ~35 0.181 ~9 
300 54.1 0.180 ~9 
360 64.6 0.179 170 
~20 75.6 0.180 170 
Table 17: Reaction conditions. 
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DRIFT spectra of the reacted Fordaca l 30 shows a genera l increase in the peak areas 
and hence an increase in sui fur species present with longer reaction times. The sul fite 
concentration exceeds that of the sui fate and the difference between the 
concentra tions increases with time. The re lationship appears approxi mately linear 
with occasional plateaux. The changes in rate of increase of suJfur concentration 
observed with occasional plateaux in the graph has been seen before, fo r reaction 
times of up to 3 hours.' IS This plateau appears to continue fo r longer reaction times 
(figure 94). 
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Figure 94: Ford aca l 30 reacted with SO, ill a humid a tmosphere. DRIFT data. 
Experiments were also carri ed out in the dark, but the DRIFT data of the reacted 
ca lci um carbonate showed that it made no difference whatsoever to the reaction. 
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Figure 95: XPS spectrum of F30 reacted for 3 hours with SO, in a humid atmosphere 
Peak Charge Composition 
referenced % atom 
hinding 
energy (eV) 
S (2p) 167.2 3. 1 
S (25) 230.8 
C ( Is) 288.4 32.7 
Mg (Auger) 3.7 
Ca (2p) 346.8 16.2 
Ca (25) 437.6 
o ( Is) 530.8 44.2 
900 
Table 18: Ta ble of results for the XPS spectrum of F30 reacted for 3 hours with SO, in a humid 
atmosphere in fi gure 95. 
Sulfur 2p and 2s photoelectron peaks were detected in the XPS spectra of the Fordacal 
30, following the reaction with S02 in a humid atmosphere for 3 hours. Fo llowing a 
longer reaction time, a higher percentage of SUJ f Uf was observed in the spectrum. An 
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XPS spectrum of calcium suI fate was recorded for compari son (figure 96 and table 
19) 
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Figure 96: XPS spectrum of calcium sulfate. 
Peak C harge Corn position 
referenced % atom 
bindind 
energy (cV) 
S (2p) 168 15.3 
S (25) 23 1.6 
C ( Is) 284.4 14.2 
Ca (2p) 346.8 14.4 
Ca (2s) 438.4 
0(15) 530.8 56.1 
Table 19: Table of results for the XPS spectrum of calcium sulfate in figure 96. 
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SuI fur binding energies on the Fordacal 30 sample were slightly lower (referenced to 
Ca at 346.8 eV) than on the suI fate. Thi s may be attributed to the presence of sulfite 
on the surface. The ratio of Ca:S:O, from the broad scan of calcium suI fate, is 
I : 1.06:3.90 which is in good agreement with that expected. 
The high resolution S(2p) peak is a doublet that consists of 2pJ12 and 2P l12 
photoelectrons. A good peak fit of a high reso lution XPS spectrum of S(2p) for 
Fordaca l 30 is achieved with two doublet peaks representing suI fate and sulfite, 
showing that both are present which is consistent with the DRIFT results. For the 
Fordacal samples these peaks tend to be broad and some have a low signal to noise 
ratio. However they still show that the amount of sulfite present is greater than the 
amount of sul fate . There does not appear to be any relationship between the ratios and 
the different Fordaca l samples, however the ratio of sulfite to sulfate increases with 
increasing reaction time for the Fordacal 30 sample which is consistent with the 
DRlFT results. 
1502 reacted sample 
Reaction Area sulfite peak! area 
ime (hrs) sulfate peak 
Fordacal 300 f3 1.14 
Fordacal458 f3 5.24 
Fordacal30 ~ 1.35 
Fordacal30 3.56 
Table 20: Ratio of sui fate to sulfite peak areas for different calcium carbonate particle sizes. 
7.2.1 Determination of the percentage of S02 reacted 
with the samples 
Three possible methods for the detection of unreacted S02 in the ' waste' from the S02 
flow apparatus were investi gated. From the data obtained, it was believed that the 
percentage of total suI fur dioxide which reacted with the samples could be detennined 
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The first method tested was a titration method. This involved bubbling unreacted 
sui fur dioxide into hydrogen peroxide. The reaction of S02 with hydrogen peroxide 
increases the acidity by production of sulphuric acid. The solution would have been 
di luted slightly from the water in the humid air therefore, in order to keep the dilution 
constant, the solution was made up to a set volume with di stilled water. T he solution 
was then titrated with sodium hydroxide (O.O IM) using phenolphthale in indicator. 
The second method was a gravimetric technique. The unreacted S02 was bubbled 
through hydrogen peroxide. A known amount of the solution was then pipetted into 
barium nitrate solution to produce a precipitate of barium sulfate. The precipitate was 
then filtered and dried in an oven before it was weighed. 
In the third method unreacted S02 was flowed through an IR cell method for a set 
period of time. The IR absorbance spectrum was then taken. The IR spectrum of 
S02(g) has three fundamental frequencies at 517.8 (v2), 11 51.4 (VI) and 1360.5cm-1 
(v) and a (VI + V2) combination band at 2497cm-1 , .... In addition to these a broad peak 
due to water was al so observed (figure 97). The area of the most intense peak at 
136 1 cm-I was measured to determined to amount of sul fur dioxide. 
In all the methods, it was believed that the difference between the calibration value 
and the experimental value (with a sample present in the sample cell) would be able to 
show the proportion of S02 reacted with the sample. However, an accurate 
measurement could not be determined from the gravimetric technique due to the very 
small amount of very fine prec ipitate formed and easily 10 t during the filtration 
process. For both the titration and IR cell methods, the experimental values plotted 
were virtually identical to the ca libration values (figures 98 and 99). As the DRfFT 
analysis clearly showed that S02 had reacted with the samples, but precise va lues 
could not be detennined, it could only be concluded that a very small percentage of 
the S02 that the sample is exposed to actually reacts with the sample. 
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Figure 97: tR spectrum of unreacted SO, from SO, now apparatus in [R cell 
• Calibration 
• samples 
6.0E-04 linear (Calibration) 
5.0E-04 • 
:J: R' = 0.9992 0 
~ 4.0E-04 
z 
'0 
~ 3.0E-04 ~ 
'0 • E 
• '0 2.0E-04 • 0 
z • 
1.0E-04 
O.OE+OO 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
SO, (Litres) 
Figure 98: Calibration graph for titration met hod with additional plots for results with a sample 
present. 
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7.3 Stone samples 
In the XPS spectra of the non-weathered abraded marble samples, peaks 
corresponding to qls), Ca(2p), Ca(2s) and O( ls) as in figure 32 in section 5.2. 1. 
Following the reaction with S02 in a humid atmosphere peaks representing S(2p) and 
S(2s) respecti vely appeared in the spectrum, as with those observed for F30 reacted in 
the same way. 
- 154-
------------------------.............. . 
RESULTS AND DISCUSSION Chapter 7: REACTION WITH SO, 
1800 
1600 
1400 
1200 
'" 
1000 
-C 
:J 
0 800 U 
600 
400 
200 
0 
0 100 200 300 400 500 600 700 
BE (eV) 
Figure 100: Abraded Carrara marble reacted with SO, in a humid atmosphere 
Peak Cha rge referenced 
binding energy 
(eV) 
S (2p) 166.8 
S (2s) 230.8 
C ( Is) 284 
Ca (2p) 346.8 
Ca (2s) 438.4 
o (1s) 530.8 
Table 21: Results for the XPS spectrum of abr.ded Carr.r. marble reacted with SO, in a humid 
atmosphere in figure 100 (referenced to Ca (2p) at 346.8eV). 
As before, the broad scan spectra show that the amount of sui fur present increases 
with reaction time. A larger amount of sui fur is detected on the marble samples 
compared to Fordacal 30 powder (figure 10 I). This is thought to be due, at least in 
part, to the relatively lower surface area of the marble sample. Due to this, the S(2p) 
peaks in the high resolution spectra tend to have an improved signal to noise ratio. 
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The different ox idation numbers of the sui fur in sulfate and sulfite, +6 and +4 
respectively, cause different shifts in the binding energy which may be determined by 
peak fitting a high resolution sulfur 2p peak (figure 102). The peaks were added as p 
type wi th a spin orbital splitting va lue of 0.geV. For all the samples except the 
abraded marble sample reacted for 3 hours, the amount of su i fite present is greater 
than the amount of sulfate and the ratio of su lfite to sui fate again increases with 
increasing reaction time. 
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Figure 101 : Comparison of Fordacal 30 aud marble sa mples reacted with SO,. XPS data. 
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Figure 102: Peak litted high resolution S(2p) peak of sanded ma rble r .. ,cted for 7hrs. 
7.3.1 Coated marble samples 
Marble samples which had previously been coated with poly(aspartic acid) or OMM 
reacted with S02 in the flow apparatus. The aim was to determine whether thi s 
adsorbed layer could have an adverse effect on the weathering of the stone. 
The react ion conditions for the coated samples are comparable (as shown in table 22) 
and with both sets of samples, the amount of sulfur observed in the XPS spectra is 
lower than with the abraded marble. Marble surfaces repeatedly showed lower 
reactivity to S02 when they had a protein layer. 
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Sa mple T ime of Average S0 2 Average % % atm S 
reaction flow rate rela tive a tm C (2 p) 
(hrs) (litres/m in) humidity (% ) (I s) 
Abraded marble , 0. 183 69 15.9 9.4 
-' 
5 0.182 70 22.2 14.4 
7 0. 181 7 1 22.2 17.8 
Abraded marble. Coated 3 0. 183 70 46.7 1.2 
using 2mg/ IOOml 
poly(asp) in CaCh (3hrs) 7 0.185 71 35.9 6.7 
Abraded marble. Coated 3 0.185 70 48.2 1. 1 
using 2mg/ l OOml OMM's 
in CaCh (3hrs) 7 0.185 70 40.9 11. 1 
Table 22: Conditions and res ults for marble sam ples reacted with SO, in a humid at mosllhere . 
3 7 
Time (hrs) 
• Abraded 
. Coated using 2mg/100ml poly(asp) in 
calcium chloride 
Coated using 2mg/l COml OMM's in 
calcium chloride 
Figure 103: Graph to show the etTect of weathering with sulfur d ioxide under humid conditions 
for ditTerent marble samples. 
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Sample Time of Ratio sulfite: sulCate 
reaction 
(hrs) 
Abraded marble 7 2.52:1 
Abraded marble. Coated using 7 1.80:1 
2mg/l00ml poly(asp) in CaCh 
(3hrs) 
Abraded marble. Coated using 7 1.24:1 
2mg/100ml poly(asp) in CaCh 
(3hrs) 
Table 23: Results ofsulfite:sulfate ratios from peak fitted high resolution S(2p) peaks. 
The results of the peak fitting of sulfur (2p) peaks indicate that there is a higher ratio 
of sulfate to sulfite than on the uncoated marble (table 23). This may be attributed to 
the hydrophilicity of the polypeptide layer which will interact with water molecules. 
The water on the surface will then convert the sufite to sulfate. The reverse has 
previously been observed with stearate-coated calcium carbonate. lIS The alkyl chains 
rendered the surface of the marble hydrophobic and a higher ratio of sulfite to sulfate 
was observed. It is assumed that an OMM coating on the marble surface will have the 
same effect as the poly( aspartic acid) considering they are both hydrophilic 
macromolecules, although there is currently no data to support this. 
7.4 Summary 
Sulfur dioxide in a humid atmosphere was reacted with powdered calcium carbonate. 
The percentage of sulfur species present on the samples increased with reaction time. 
Under the conditions used, the sulfite concentration exceeded that of the sulfate. The 
difference between the concentrations of the two species was shown to increase with 
reaction time. Several methods were used to determine the percentage of S02, to 
which the sample is exposed, which reacts with the sample. Only a very small amount 
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reacted and this was below the limit of quantification for the methods of detection 
used. 
Marble samples were coated with poly(aspartic acid) or OMM and reacted with sulfur 
dioxide in the flow apparatus. Marble surfaces with a protein layer showed a lower 
reactivity to S02. However a higher ratio of suIfate: suIfite was present than on the 
uncoated surfaces. This may be due to the hydrophiIicity of the layer. 
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Chapter 8: DEVELOPMENT AND TESTING OF A 
CONSOLIDATION METHOD 
8.1 Consolidation technique 
A general consolidation method based on the biomediated approach was proposed 
based on the data in the previous chapters. The following 2 stage application process 
was believed to be capable of the greatest effect on weathered marble: 
1. Crystal growth in the pores controlled by a small amount of poly( aspartic acid) 
in solution. 
2. Nanoparticles of calcium carbonate to act as a supply of calcium and 
carbonate ions to the crystals. 
From the crystal growth experiments the best control over growth was observed with 
silk fibroin and the anunonium carbonate in the absence or presence of poly(aspartic 
acid) or the OMM. There are, however, problems associated with this method: 
1. The large number of steps in the procedure 
2. The availability and preparation of the silk fibroin solution. 
3. The difficulty in introducing the silk fibroin into the pores of the marble. The 
silk molecules are substantially larger than the OMM. Hence; under such 
conditions, it would not penetrate very deeply into the sample due to slow 
diffusion and adsorption to the side of the pores. 
4. The use of an organic solvent. 
5. The presence of other ions, which could form salts in the pores leading to 
further weathering of the stone. 
The anunonium carbonate method is not desirable as biproducts, such as cr, are also 
introduced into the stone. This would leave salts in the stone and cause further 
weathering. In humid conditions this may also migrate to the surface and affect the 
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visual appearance. In addition an external source of carbon dioxide is required. The 
supersaturated calcium bicarbonate solution is therefore more desirable as a source of 
calcium and carbonate ions. 
Poly(aspartic acid) is the most desirable of the additives tested, as it appears to have a 
greater degree of control over crystal growth and is also cheaper and more readily 
available than the OMM. Other potential alternatives tested were not sufficiently 
effective. The calcium bicarbonate must contain a certain percentage of the 
poly(aspartic acid) to control the crystal growth and form larger crystals in the pores. 
An overall percentage of 0.1 % poly(aspartic acid) in 11.5mM calcium bicarbonate 
solution had the best results. The appropriate weight of the poly( aspartic acid) may be 
added to the supersaturated calcium bicarbonate solution. 
It was thought that the nanoparticles of calcium carbonate would supply a source of 
calcium and carbonate ions in the pores, to assist in the growth of larger crystals. 
However, in experiments where the marble was immersed in solution, this did not 
appear to happen. However, the surface is not like a pore because the supersaturation 
is maintained over a long period. Therefore, for the porous network it is still 
considered an important step. Any particles not used in the contribution of crystal 
growth would still be able to contribute to pore filling. 
Slight variations on the technique outlined above were also tested for comparison and 
to ensure this was the optimum technique for consolidation purposes using a 
biomediated approach. 
8.2 Depth of penetration of the solutions into marble sample 
The depth the solutionsl suspensions used in the consolidation treatment are able to 
penetrate into the weathered stone is an important factor to consider. Although it is 
obvious that it is not possible for the treatment to affect the entire stone, optimisation 
of the depth of penetration should provide a longer lasting effect on the statuel 
monument treated. 
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8.2.1 Theory: Diffusion and capillarity 
Diffusion is defined as the tendency of molecules to move from a high concentration 
region to one of lower concentration without the application of an external force." 147 
Diffusion coefficients are a measure of the absolute rate of diffusion and change, 
dramatically depending on the phase of the diffusing mediwn. Diffusion coefficients 
of liquids are usually in the region of 10-5 to 10-8 cm2 S-l and depend on quantities 
such as size of the molecule, the viscosity of the solution and temperature. '47 It was 
recently found that in the case of polypeptides the shape associated with the secondary 
structure of the macromolecule, rather than the molecular weight or viscosity of the 
dilute solution, detennined the value of the diffusion coefficient. This was based on a 
study with three polypeptides, two different secondary structures and different 
molecular weights. The value of the diffusion coefficient for the polypeptide with a 
j3-sheet structure, which is the same secondary structure as poly( aspartic acid), was 
4.1 x 10-7 cm2 S-l in aqueous solution."8 This value will therefore be taken as the best 
estimate to the diffusion coefficient for poly(aspartic acid) in all subsequent 
calculations. 
By spraying small drops onto the stone surface the natural capillary of the stone will 
draw the solution into the pores. The equation for capillary imbibition is based on the 
Poiseuille equation (equation 32) and the equation for meniscus capillary pressure 
(equation 33). 
db M'r2 
-=--
dt 877h 
(32) 
Where 11 is the viscosity of the liquid, h is the depth into the capillary, r is the radius 
and t is time. 
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AP 2ycos(} (33) 
r 
The pressure, AP, is given by the Laplace equation, where y is the surface tension and 
e is the contact angle. The substitution of equation 33 into the PoiseuiIIe equation 
gives the following expression for the rate of absorption into the capillary, for a 
capilliary of constant radius (equation 34). 
dt 
(34) ycos(Jr -= 
417h 
db 
Integration gives the Washburn equation; an expression for depth as a function oftime 
(equation 35).'49 
(35) 
The equation is valid for Iow rates of absorption and! or capillaries of small radii. The 
Washburn equation can be used to estimate the depth to which the poly(aspartic acid) 
will penetrate into the marble in a given time. Using equation 36, it is possible to 
estimate the typical time taken for a molecule of poly( aspartic acid) to diffuse a 
distance equal to the radius of the pore. If it is assumed that once the poly( aspartic 
acid) reaches the side of the pore, it is adsorbed and travels no further then equations 
35 and 36 may be combined to give equation 37. h is now the depth to which the 
poly( aspartic acid) can travel before it reaches the side of the pore. 
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_ 1 
x=(2Dt};:""r (36) 
h2= r3ycosB (37) 
4DI] 
By using this equation and the diffusion coefficient, a graph may be plotted of the 
typical depth the poly( aspartic acid) is likely to reach for different pore sizes in the 
two weathered samples. Superimposing it onto the graph for the pore size distribution 
for the weathered stone will give an indication as to the depth the poly( aspartic acid) 
is likely to reach in each that sample. When equation 37 was used, the following 
assumptions were made 
1. Each pore is cylindrical and therefore has the same radius throughout. 
2. The contact angle is the same throughout the pore. 
3. Assume laminar flow. 
4. The surface tension and viscosity are assumed to be the values for water. 
Measurements show that these are good approximations for dilute solutions. 
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Figure 104: Pore size distribution data and ma ximum depth the poly(aspartic acid) will reach for 
weathered Gioia marble for pore sizes up to 4 microns. 
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Figure 10S: Pore size distribution data and maximum depth th e poly(aspartic acid) will reach for 
wealhered Gioia marble for pore sizes 4 to 64 miCI"OIl S. 
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Figure 106: Pore size distribution data and maximum depth the poly(aspartic acid) will reach for 
weathered Pietra di Lccce limestonc for pore sizes up to 0.5 microns. 
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Figure 107: Pore size distribution data and ma ximum depth the poly(aspartic acid) will ,'cach for 
wenthered Pietra di Lecce limestone for pore sizes 0.5 to 4 microns. 
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Figure I 08: Pore size dist ribution data and maxi mu m depth the poly(aspart ic acid) will reach fo r 
weathered Pielra di Lecce limestonc for pore sizes 4 to 64 microns. 
From the graphs for the weathered marble (figures 104, 105 and 106), it may be 
concluded that the poly(aspartic acid) wi ll be unable to travel very far in the smaller 
pores. However, there is a secondary maximum at 16 microns in the pore size 
distribution. The la rger pores will be able to deliver so lution deep into the stone and 
con tain a larger amount of solution than the smaller pores. It is expected, therefore, 
that there will still be a signifi cant amount reaching further into the marb le. Despite 
the higher overall porosity of the weathered limestone, the graphs in figures 107 and 
108 show that much of the poly(aspartic acid) wi ll reach a depth of less than 0.2cm. 
Depth of consolidation on thi s stone is therefore expected to be significantly less than 
marble. 
It is more complicated to try and determine the depth the nanoparticies will reach. The 
diffusion coefficient, 0, is approximately 2 x 10-11 m2 S-I for an uncharged sphere 
with a di ameter of 20nm but charge affects diffusion and also prevents them sticking 
to the surface, therefore depth of penetration could be greater. 
168 
RESULTS AND DISCUSSION Chapter 8: CONSOLIDATION TECHNIQUE 
8.2.2 Alizarin Red 
It is difficult to measure experimentally the actual depth to which the so lutions used in 
the consolidation technique penetrate into the marble. It was decided that Alizarin red 
could be used to stain the marb le. The deep red colour of thi s compound could easil y 
be observed in the sample and therefore could provide good approximations to the 
depth to which treatment could be effective. Other ways of staining the marble were 
tried, including one using lead n.itrate and rhod izonic acid, however the stain was not 
as clear. 
0 OH 
OH 
0 
11 
S- ONa 
0 11 
0 
Figure 109: Alizarin red 
A O.025M Alizarin red so lution was used to stain the weathered marble. This 
concentration was fo und to be sufficient to observe the penetration depth, and 
increasing the concentration did not significantl y darken the colour of the stain in the 
samples. The marble samples were then sectioned and the depth of penetration of the 
stain into the sample was measured. The stain was applied to the sample by 
immersing the sample in a container ofthe so lution, or by spraying a fine spray of the 
stain onto the surface of the marble. 
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Figure 110(a) (left) and (b) (right) : Typical photogra phs of weathered marble sa mples aft er 
spraying (a) (scale in mm) and imm ersion (b) (scale in cm) in a lizarin red solution. T he entire 
pictures have been modified so that the stain may be clearly observed. 
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Figure Ill : T he depths measured that th e stain reached following the imm ersion of weathered 
marble in alizarin red solution for 24 hours. 
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Figure 112: The depths measured that the st..i" reached followin g the spraying of weathered 
marble with alizarin red solution. 
The average depth the stain was observed for the immersed samples was 2.5mm in 
comparison to an average depth of 8mm for the sprayed samples. This is a sign ificant 
difference between the two methods of application. This is in agreement wi th the 
theory in section 8.2.1 and shows the benefit of using capi llarity to deliver material 
deep within the pores. 
8.3 Effect of consolidation 
The consolidation method was tested in several different ways. Firstly treated 
weathered samples were examined visually for any deposits on the surface. SEM 
micrographs of these samples were also taken. Fi nally the adhesive tape peel tests 
were performed on the weathered samples, both treated and untreated to test for any 
cohesive improvement. 
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8.3.1 SEM 
Marble samples sprayed with supersaturated calcium bicarbonate so lution containing 
poly(aspartic acid) for coating the surface of the pores and/or producing crystals, 
showed no visible difference to the surface irrespective of the number of times the 
samples were sprayed with this so lution. SEM pictures also appeared to show no 
difference to the weathered surface. This indicates that the solution is penetrating into 
the pores and cracks in the stone and crystal growth should be taking place there. 
Figures 114 and 115 demonstrate that there is also no apparent difference between 
weathered marble samples sprayed with only the nanoparticles of calcium carbonate 
and those with addit ional steps in the treatment. However, the SEM pictures showed 
that in both cases the nanoparticles were mainly concentrated in what appears to be 
the cracks around the loose crystall ites. It is expected that thi s would cause an 
improvement in cohesion. 
Figure 113: Weath ered marble (cut side) 
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Figure 11 4: Sprayed using IOmg/I OOml poly(asp) in calcium bica rbonate solution, 5 applications. 
T hen sprayed with 10% Img/I OOml poly(asp) in 7.5mM CaO" 90% calcium bicarbonate, 10 
applications. Finally 3 applications of 1% U3 in calcium bica rbonate. 
Figu re 115: Sprayed using 1% U3 in calcium bicarbonate. 3 applications. 
Different amounts of the nanoparticles in calcium bicarbonate were used. In the case 
of these samples, it was found that 1% was sufficient. The amount used in the 
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consolidation technique for different samples would depend on the severi ty of the 
degradation of the stone. 
If the weathered marble was sprayed with too much U3 in suspension and! or 
additional spraying took place before the surface had dried, then a white deposit of the 
nanoparticles was clearly observed. The extent of the deposit was determined by how 
much was sprayed onto the sample. An example of a SEM micrograph of an 
oversprayed sample is shown in figure 11 6. It is no longer possible to see the cracks in 
the surface, but the crystal lites also cannot be observed. In some cases, where more of 
the nanoparticles in calcium bicarbonate were applied, cracki ng appeared in this whi te 
deposit (as shown in figure 117). 
Figure t 16: Weathered marble oversprayed with 20l1m CuC0 3 in calcium bicarbonate solution. 
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Figure 11 7: Weath ered ma rble oversprayed with 20nm CaC03 in calcium bicarbonate so lution. 
When the treatment was applied to the weathered limestone, a white deposit was 
again evident if too much of the nanoparticle suspension was applied. However no 
particles of calcium carbonate, from the suspension, were observed from the SEM 
micrographs of the treated weathered limestone. 
Figure 11 8: Sprayed using 1% U3 in calcium bicarbonate. 
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8.3.2 Adhesive Tape Peel Tests 
It is difficult to determine the effect of consolidation quantitatively, particularly on the 
small scale used in the laboratory. An adhesive tape peel test was used, and showed a 
good comparison between treated, weathered and non-weathered samples. The weight 
of solid removed per unit area of surface of the sample was measured. Too little so lid 
was removed from the weathered limestone samples to draw a useful compa ri son so 
only marble samples were used. 
Virtually no solid was removed from the non· weathered marble samples as shown in 
figure 120. A sign ificant difference between these results and those obtained for the 
weathered marble is shown in the graph in figure 11 9. The data shown are for 5 repeat 
measurements in the same area. 
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Figure 119: Peel test results for non·weathered and weathered marble 
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Figure 120: r eel tes t results ror an abraded marble sample. 
Figure 121 : Peel tests results ror a weathered marble sa mple. 
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Weathered marble samples were treated by spraying with one of the following 
so lutions: 
l. Supersaturated calcium bicarbonate so lution. 
2. 4DmgllDDml poly(aspartic acid) in supersaturated calcium bicarbonate (used 
to coat the pores of the marble). 
3. D.I mgl l DDml poly(aspartic acid) in supersaturated calcium bicarbonate. 
In these cases there was no detectable difference. A significant difference between the 
weathered marble and these treated samples was not observed irrelevant of the 
number of applications. In the case of the first solution , the supersaturated ca lcium 
bicarbonate so lution alone would produce many very small crysta ls, therefore no 
significant improvement would be expected. The so lution containing the higher 
concentration of poly(aspartic acid) has the function of initially coating the pores of 
the marble. Again thi s would not be expected to cause any observable improvement in 
cohesion. The results of the peel tests would appear to agree with these theories. It 
may be expected that a small improvement would be observed in the case of 
application of the third solution, however this technique of examining changes in 
cohesion is insensitive to such small improvements. A two-step treatment involving 
the appli cation of solutions 2 and then 3 also showed no significant change in the peel 
test results. 
The treated weathered samples, where the nanoparticles were used as part of the 
consolidation method, all show similar results. There is considerably less so lid 
removed than when the test was carried out on the weathered marble, although it is 
unable to produce the same resu lts as seen with the non-weathered samples. It is 
interesting that oversprayi ng the sample, so that a white deposit is visible on the 
surface, has such a similar effect to those samples sprayed where there is no white 
deposit apparent on the surface. 
amples were a lso sprayed using calcium bicarbonate sol ution wi th 2 di fferent sized 
nanoparticies present in the calcium bicarbonate solution . Although there was no 
improvement in cohesion observed in thi s test when compared with samples sprayed 
with only the smaller particle size. 
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Figure 122: Typical peel tes t results: A comparison of weathered, unweathered and treated 
weathered marble sam ples. 
No. Sa mple 
I Freshly cut surface of a weathered marble sample oversprayed using U3 in 
calcium bicarbonate. 
2 Freshly cut surface of weathered marble sprayed with 50:50 U I :U3 in calcium 
bicarbonate solution. 
3 Freshly cut surface of weathered marble sprayed using (i) 40mgll00ml 
poly(aspartic acid) in calcium bicarbonate solution (5 applications), (ii) 
O. Imgl lOOm l poly(aspartic acid) in calcium bicarbonate solution (5 
applications) and (i ii ) U3 in calcium bicarbonate solution (3 applications). 
4 Freshly cut surface of weathered marble sprayed usi ng (i) 10% I mgl l OOm l 
poly(aspartic acid) in 7.5mM CaCI2, 90% calcium bicarbonate solution (2x 10 
applications) and (i i) U3 in calcium bicarbonate solution (3 applications). 
Table 24: Treatment of samples displayed in the gra ph in figure 123. 
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Figure 123: Freshly cut surface of a weathered marble sample oversprayed using U3 in calcium 
bicarbonate. 
Figure 124: Freshly cut surface of weathered marble sprayed with 50:50 UI:U3 ill calcillm 
bicarbonate solution. 
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Figure 125: Freshly cut surface of weathered marble sp rayed using (i) 40mgll00ml poly(aspa rtic 
acid) in calcium bicarbonate solution (5 applications), (ii) O.lmgllOOml poly(aspartic acid) in 
calci um bicarbonate solution (5 applications) and (iii) U3 in calcium bicarbonate solution (3 
applications). 
Figure 126:- Freshly cut surface of weathered marble sprayed using (i) 10% I mgllOOml 
poly(aspartic acid) in 7.5mM CaCl" 90% calcium bicarbonate solution (1. 10 applications) and 
(ii) U3 in calcium bicarbonate solution (3 applications). 
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The adhesive tape peel tests are a simple and useful way of evaluating the effect of the 
consolidating effect at the surface of the sample, but are limited to this part of the 
sample. No conclusions may be drawn about the effect on the bulk of the sample from 
this test, however from using the calculations and staining tests in sections 8.2.1 and 
8.2.2, we can estimate a maximum depth to which the treatment extends into the 
sample by spraying. By cutting the sample the same sugary texture could still be seen. 
There are also limitations related to the state ofthe weathered stone before treatment. 
Tests were carried out on less severely weathered marble and the subsequent 
consolidation of such samples. The difference in weight of solid removed per cm3 of 
sample was evident, although it was much less clearly seen than the comparisons 
shown above. The peel test is therefore only suitable for use with severely weathered 
stone. However it has shown that this consolidation method is effective on weathered 
marble. 
8.4 Monumental tests 
Two sites were selected for application of the bioreinforce treatment. The first site 
was the church at Angera in Italy. The Pietra d' Angera stone, of which the church is 
built, is a dolomitic limestone. The second site was the chateau at Champs sur Marne, 
France composed of Meri stone. In addition Tuffeau (a limestone sandstone mix) 
slabs were also treated at the site. 
No significant effect was observed with the Tuffeau. However this stone was not 
weathered, hence it would be difficult to observe a reinforcement effect. The treated 
stone of the two monuments showed a low reinforcing effect with treatment 
penetration depths of up to 2mm and 2.5mm for Pietra d' Angera and Meri 
respectively. The fact that a reinforcing effect was observed on both monuments 
shows that the treatment was effective on calcareous stone other than marble. The 
extent of the reinforcement is most likely due to lack of severity of the weathering. In 
peel tests experiments, the more friable the material, the greater the difference 
observed between treated and non-treated samples. Further tests need to be carried out 
on more severely degraded stone. 
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8.5 Summary 
A consolidation method based on the biomediated approach was proposed based on 
the data in the previous chapters. The method involved 2 stages; crystal growth in the 
pores controlled by a small amount of poly( aspartic acid) in solution, then an 
application of nanoparticles of calcium carbonate to act as a supply of calcium and 
carbonate ions to the crystals. 
A mathematical model and an experimental method, involving staining the stone, 
were used to estimate the depth of penetration of the solutions into weathered marble 
samples. This provided an indication of the depth to which the treatment would be 
effective on this stone. 
The proposed treatment and was applied to weathered marble samples and the 
effectiveness tested visually, by SEM and adhesive test peel tests. Changes were made 
to the proposed method and these variations tested for comparison. Results showed 
significant improvements to weathered marble samples where the nanoparticies were 
used as part of the consolidation method, all of which showed similar results. 
Improvements in stone cohesion were also observed in field tests on different 
calcareous stones. 
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Chapter 9: CONCLUSIONS 
9.1 Conclusions 
The aim of this work was to produce a technique to consolidate weathered marble 
based on the controlled mineralization of calcium carbonate in the pores of the 
weathered stone. A biomediated approach was taken to this problem and a method 
was produced that showed significant results on artificially weathered marble samples 
in laboratory experiments. Field tests showed that this technique is also effective on 
dolomitic limestone and meri. 
This biomimetic approach to stone conservation has the advantages that it is not 
irreversibly altering, it requires no chemical modification and it is not introducing a 
lot of foreign material since it is calcium carbonate being introduced back into the 
pores of stone which primarily consists of calcium carbonate. It is therefore a very 
sympathetic technique to the original material. In addition to this there is no 
significant difference to the colour or appearance of the treated stone visible by eye. 
It has been shown that proteins can control the nucleation and growth of calcium 
carbonate crystals on marble surfaces. Conditions needed to grow sufficiently large 
crystals to be of effect in reinforcing the marble have been identified. As part of the 
process for finding the optimum method, crystal growth on marble substrates has been 
investigated using two different approaches to producing calcium carbonate. The 
control over crystal growth by OMM, poly(aspartic acid), aspartic acid, PMAA, PAA 
and silk solutions were examined. Of these the highest degree of control, in terms of 
size and orientation of the crystals, was observed in all the experiments where silk 
was used in conjunction with the ammonium carbonate method. However excellent 
results were also observed in other cases. This meant that solutions could be used in 
the consolidation technique where factors such as depth of penetration could be 
maximised and effects on further weathering minimised, while stilI producing an 
effective treatment for weathered stone. 
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The depth of penetration of the treatment has also been determined both 
experimentally by approximation using alizarin red stain and by mathematical 
calculations. The formula derived for the determination of penetration depth may also 
be applied to other stone to provide an indication of the depth to which the treatment 
is effective. 
The long-term effects of the consolidation method on weathering are also an 
important factor in stone conservation. The only foreign material introduced in this 
method is a very small amount of poly(aspartic acid). Marble coated with 
poly( aspartic acid) underwent accelerated weathering using sulfur dioxide in a humid 
environment, under controlled conditions. The results of these tests have shown that 
the poly(aspartic acid) should have no long term effects on subsequent weathering of 
the stone. In addition, the results of the tests also indicated that there was a lower 
reactivity to S02 when the marble substrates had a protein layer 
XPS has also been used to determine the thickness of adsorbed proteins on marble 
substrates for the first time. It was found that the concentration of the protein in 
solution was an important factor. 
9.2 Further Work 
Application of the consolidation technique to marble, dolomitic limestone and meri 
have all shown significant results. Tests could be extended to other calcareous stone. 
Further field tests should also be performed on statues and monuments composed of 
more friable marble to confirm the results of the laboratory tests. 
The one limit ofthe method is the cost of the poly(aspartic acid), especially if treating 
a large area. It is therefore suggested that alternatives to poly( aspartic acid) are 
explored. PMAA and P AA could be further investigated as a more economical, 
although less effective, alternative. 
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Appendix 1 
Determination of actual surface tension from measurements 
The scale reading (x) of the KrUss digital tensiometer is related to force (F) in the 
following wayl4S 
F = 1.278E - 02x - 2.446E - 03 
Where the scale reading is in mNm-2 and Force is in (x 10-2) N 
The measured surface tension value, cr*, is then 
cr* = F/41tR 
Where R is the mean ring radius. 
The actual surface tension, cr, is cr* x C. Where C is the correction factor. The 
correction factor is a function of R3 N, where V is the volume of liquid raised above 
the free surface at the time when the surface breaks. 
V = (cr*41tR)/(D-d)g 
Where D is the density of the liquid, d is the density of air at ideal state and g is the 
gravitational value. 
d = (P x RMM)/RT 
g=A+c 
Where A is the acceleration due to gravity and c is the free air correction for altitude. 
For Loughborough, g = 9.1834 ms-I. 
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The correction factor according to Harkins and Jordon146 is then detennined from the 
R3N and Rlr values (where r is the radius of the wire cross section). 
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Poster entitled 'Biomediated calcite growth for the consolidation of statues and 
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Paper presented at EMPG conference, Frankfurt April 2004 (to be submitted to a 
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weathered calcareous stones' 
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